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1.0  INTRODUCTION 


A  long-term  goal  of  the  Air  Force  is  to  develop  high-performance  gas  turbine  engines 
with  combustors  that  operate  at  near-stoichiometric  conditions,  bum  broad-specification  fuels, 
and  have  low  maintenance  and  high  durability.  Conventional  gas  turbine  combustor  design 
methodology  is  based  upon  empirical  correlation,  experience,  successful  design  scaling,  and 
extensive  development  testing.  The  weakness  of  the  traditional  approach  is  twofold;  (i)  empirical 
correlation  and  phenomenological  models  provide  limited  insight  into  the  fundamental  physical 
and  chemical  processes  of  combustion  and  heat  transfer,  and  (ii)  extrapolations  and  radical 
departures  are  very  risky— moreover  the  design  methodology  can  seldom  provide  explanations  or 
offer  alternative  solutions. 

Although,  the  conventional  approach  has  been  amazingly  successful  to  date,  the  IHPET- 
Phase  HI  goals  (Table  1)  place  tremendous  demands  on  the  engine  hot-end  components 
(combustor  and  turbine)  by  virtue  of  near-stoichiometric  combustion.  Therefore,  the  objective  of 
the  proposed  research  was  to  develop  a  fundamental  understanding  of  the  combustion  process  in 
the  primary  zone  of  a  gas  turbine  combustor  by  designing  a  variety  of  laboratory  experiments. 
These  laboratory  experiments  also  yielded  benchmark  quality  data  sets  for  refining  existing  and 
validating  new  computer-based  models  for  predicting  the  performance  of  gas  turbine  combustors. 
Specifically,  and  as  discussed  in  Phase  II:  Combustion  Studies,  Section  2.2.1  of  UDRI  Proposal 
R-8566,  we  proposed  the  following  four  investigations. 

1.  Plan  and  conduct  combustion  experiments  to  study  combustion  stability,  lean  blowout 
(LBO),  and  emissions  using  a  well-stirred  reactor  (WSR)  (section  2.2.1. 2). 

2.  Examine  vortex-flame  interaction  and  gain  insight  into  mixing,  lean  stability,  ignition,  and 
extinction  (sections  2.2. 1.3  and  2.2. 1.4) 

3.  Perform  studies  of  flame  stabilization  and  lean  blowout  using  a  step  swirl  combustor  (SSC) 
(section  2.2. 1.5) 

4.  Study  film  cooling  of  hot-section  components  (e.g.  turbine  blade)  under  conditions  of  high 
free  stream  turbulence  (section  2.2. 1.7). 

This  report  describes  highlights  of  each  of  the  four  investigations  and  also  presents  our 
conclusions  and  directions  for  future  research  in  combustion.  This  report  is  a  companion  to  our 
report  on  Phase  I:  Advanced  Fuels  that  describes  our  research  on  jet  fuels  (see  Zabamick  et.  al. 
1998). 
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2.0  fflGHLIGHTS  OF  COMBUSTION  STUDIES 


To  perform  this  research,  we  successfully  designed  and  operated  several  laboratory  combustors 
such  as  a  WSR,  a  coflowing  diffusion  flame  combustor,  and  a  SSC.  Each  of  these  combustors 
simulated  some  important  features  of  a  practical  gas  turbine  combustor.  Thus,  we  ensured  that 
our  research  results  closely  represent  features  of  the  combustion  processes  in  practical 
combustors.  In  our  first  investigation,  we  performed  a  systematic  and  detailed  study  of  the  effects 
of  fuel  hydrocarbon  structure  on  lean  blowout  and  emissions  of  CO  and  NOx.  Next,  we  studied 
the  unsteady  vortex-flame  interactions  and  subsequent  local  extinction  of  a  double-concentric 
turbulent  methane  jet  diffusion  flames  stabilized  on  a  thick-waUed  fuel  tube.  For  our  third 
investigation,  we  designed  a  SSC  and  studied  flame  length,  shape,  mixedness,  lean  blowout 
(LBO),  and  flow  patterns  in  the  combustor  dome.  Finally,  in  our  fourth  task,  we  conducted  a 
study  of  flow  unsteadiness  and  free  stream  turbulence  on  a  flat-plate  film  cooling  effectiveness. 

2.1  Well  Stirred  Reactor  (WSR)  Studies 


Objective 

The  function  of  an  advanced  combustor  system  in  tomorrow's  engine  is  to  provide 
maximum  heat  release,  high  combustion  efficiency,  wide  stability  limits,  minimum  pressure  loss, 
and  multifuel  capability.  A  WSR  represents  a  laboratory  simulation  of  the  primary  zone  of  an 
advanced  combustor.  Therefore,  the  objectives  of  this  task  were  to  study  effects  of  fuel 
hydrocarbon  structure,  residence  time,  and  flame  temperature  on  WSR  combustion  performance 
such  as  combustion  efficiency  and  lean  blowout  and  emissions  of  unbumed  hydrocarbons,  CO, 
and  NOx  from  WSR. 

Appendices  A  and  B  describe  highlights  of  our  research  performed  using  WSR. 

Test  Facility  and  Instrumentation 

A  250-ml  toroidal  WSR,  as  designed  by  Nenniger  et  al.  [1]  and  modified  by  Zelina  and 
Ballal  [2],  was  used  for  these  experiments.  As  shown  in  Fig.  1,  the  reactor  was  constructed  of 
alumina  cement,  and  featured  a  jet  ring  with  32  stainless  steel  jets,  1  mm  I.D.,  to  inject  the  fuel-air 
mixture  at  high  subsonic  velocity  (Ma  =  0.42  to  0.85).  Fig.  2  provides  a  schematic  of  the  test 
facility  and  instrumentation.  The  WSR  operated  over  the  range  of  equivalence  ratios  (J)  =  0.43  to 
0.88,  loading  parameter  (LP)  ~  1.3  g-mol/secLatm’  ’^,  residence  times  t  ~  5  to  8  msec  and 
reactor  temperatures  Tf  =  1350  to  2000  K.  Hydrocarbons  tested  were:  methane,  ethane, 
cyclohexane,  n-heptane,  n-dodecane,  toluene,  ethylbenzene  and  a  gaseous  mix  of  15  percent 
methane,  25  percent  ethane,  60  percent  ethylene  by  volume  (a  cracked  fuel  simulant). 

The  Horiba  Emissions  Analyzers  comprised  the  following  units:  Model  MPA-510  oxygen 
analyzer  (0  to  50  volume  percent).  Model  FIA-510  total  hydrocarbon  analyzer  (0  to  10,000  ppm 
carbon).  Model  VIA-510  CO  (0  to  20  volume  percent)  and  CO2  (0  to  100  volume  percent) 
analyzer,  and  Model  CLA-510  SS  NO  and  NOx  analyzer  (0  to  2000  ppmV).  These  units  were 
calibrated  with  gases  of  the  following  concentrations:  hydrocarbon  =  404  ppmV  propane,  NO  = 
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92  ppmV,  NO2  =  1.6  ppmV,  CO  =  0.4  volume  percent,  O2  =  4.03  or  5.02  volume  percent  and 
CO2  =  11.06  volume  percent.  Water  was  scrubbed  from  the  sample  gas  to  a  maximum  dew  point 
of  5C.  All  emissions  are  quoted  on  dry  standard  air  basis. 

A  gas  sample  was  drawn  from  the  WSR  by  a  water-cooled  stainless  steel  probe  designed 
by  Blust  et  al.  [3].  Hydrocarbon  speciation  at  LBO  conditions  was  performed  by  collecting  sample 
gas  in  a  Tedlar  bag  and  directly  injecting  sample  into  a  gas  chromatograph-flame  ionization 
detector  (GC-FID,  Hewlett-Packard  HP  5890  A).  Combustion  temperature,  Tf,  was  measured  by 
insertion  of  a  Type  B  thermocouple  (platmum-6%  rhodium,  platinum-30%  rhodium)  coated  with 
alumina  ceramic.  Temperature  measurements  were  corrected  for  heat  loss  by  conduction  and 
radiation  to  colder  reactor  walls,  and  heat  gain  by  convection  and  catalysis.  A  vaporizer  was  built 
to  prevaporize  liquid  fuels,  mbc  the  vaporized  fuel  with  air,  and  then  supply  this  combustible 
mixture  to  the  WSR.  Our  test  matrix  is  shown  in  Table  2. 


Results  and  Discussion 

Lean  Blowout  rLBOl:  Fig.  3  shows  a  plot  of  LBO  equivalence  ratio,  <|)  vs.  loading  parameter  LP 
for  several  hydrocarbons.  Also  shown  are  calculated  stability  loops  for  methane  and  ethane  fuels 
which  were  calculated  using  the  stability  theory  as  described  in  detail  elsewhere,  e.g.  Lefebvre  [4]. 
Briefly,  the  rate  of  reaction  between  fuel  and  air  is  expressed  by  the  material  balance  equation: 

Tlcomb(l)m  =  CVTf‘''exp(-E/RTf)pVxo""  (1) 

where  m  is  molar  flow  rate  of  reactants,  p  is  density  of  reactants,  E  is  activation  energy,  Xi  is  the 
mole  fraction  of  fuel,  f,  or  oxygen,  o,  and  superscripts  n  =  1.75,  r  =  0.75.  The  global  reaction 
order  of  methane  and  ethane  was  n  =  1.75;  see  Lefebvre  [4],  and  r  =  n  -  1  and  C  is  the  molecular 
collision  factor  calculated  as  follows;  see  Kanury  [5]: 


C  = 


hA 


exp 

V 


(2) 


where  h  is  Planck’s  constant,  A  is  Avagadro’s  number,  and  As*  is  the  entropy  change  between  the 
states  of  activated  complex  and  initial  reactants.  For  lean  mixtures,  Eq.  (1)  is  written  as: 


LP  = 


m 

VP" 


-=exp 


Cx?^ 


(3) 


Thus: 


E  =  i?Tfln 


Cx^'^^Xq 


LPT^-^tIo 


,1.75 


(4) 


Entropy  of  the  activated  complex  in  Eq.  (2)  was  found  by  applying  a  quantity  of  energy 
equal  to  E  to  the  energy  of  reactants  and  evaluating  entropy  at  this  condition.  Thus,  to  calculate  C 
and  E  required  iteration  between  Eqs.  (2)  and  (4).  In  Eq.  (4),  Ticomb,  LP,  Tf,  and  were  measured 
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or  calculated  at  LBO.  The  stability  curves  in  Fig.  3  were  generated  by  varying  ([)  in  Eq.  (3),  and 
substituting  Tjcomb  and  Tf  found  at  one  LBO  condition  for  all  (|).  Also,  it  was  possible  to  compute 
the  activation  energies  and  molecular  collision  factors  at  lean  blowout  by  measuring  <|),  Tf,  El  of 
CO  and  UHC,  and  flow  rates  of  reactants,  while  makmg  only  an  assumption  of  global  reaction 
order,  n.  For  methane,  we  calculated  that  E  =  52  kcal/mol  and  C  =  9.4*  lO’^  K''^sec''m^"'^mol'‘"; 
for  ethane  E  =  49  kcal/mol  and  C  =  1.3*10*^  K'*^sec'‘m^"'^mol*'". 

Combustion  Efficiency:  Fig.  4  shows  a  plot  of  Tjcomb  against  CN.  This  figure  illustrates  that,  in 
general,  as  CN  increases  the  Tjcomb  decreases.  This  relation  appears  to  be  independent  of  (|)  or  Tf. 
Combustion  efficiency  of  the  hydrocarbons  studied  herein  at  LBO  is  greater  than  90  percent. 
Most  fuels  used  in  this  experiment  were  single  component  hydrocarbons.  These  provide  a  rapid 
transition  from  combustion  to  extinction  at  LBO,  and  so  demonstrate  high  Ticomb  up  to  the  LBO 
limit.  By  contrast,  wide-cut  fuels  used  in  practical  gas  turbine  combustors  display  imprecise  LBO 
limits  due  to  the  variability  in  flammability  limits  of  the  fuel  components.  For  these  fuels,  Tjcomb  is 
low  near  the  LBO  limit  because  combustion  is  incomplete  but  sustained  by  the  most  flammable 
components.  This  multicomponent  characteristic  is  illustrated  in  Fig.  4  for  a  cracked  fuel  simulant 
(CN  =  2.52),  for  which  •Hcomb  is  slightly  lower  than  ethane  or  cyclohexane. 

Emissions  of  CO:  CO  and  UHC  emissions  are  important  because  they  represent  a  direct  measure 
of  combustion  inefficiency.  If  the  combustion  zone  operates  fuel-rich,  has  inadequate  mixing,  or  is 
quenched  by  cold  air,  large  quantities  of  CO  (which  is  relatively  resistant  to  oxidation)  wiU  be 
emitted  due  to  the  lack  of  oxygen  needed  to  complete  the  reaction  to  CO2,  or  insufficient  time 
being  provided  for  CO  to  be  oxidized.  UHC  emissions  include  fuel  which  emerges  from  the 
combustor  exit  in  the  form  of  condensation  or  vapor,  and  the  products  of  the  thermal  degradation 
of  the  parent  fuel  into  species  of  lower  molecular  weight,  such  as  methane,  acetylene,  ethylene 
and  propylene.  UHC  emissions  are  associated  with  poor  atomization,  inadequate  burning  rates, 
insufficient  residence  time  and  premature  quenching. 

Measurements  of  CO  emissions  vs.  Tf  showed  that,  in  general,  all  hydrocarbons  exhibited 
a  U-shaped  trend  in  CO  concentration,  i.e.,  as  temperature  increased,  CO  concentration  first 
decreased,  a  minimum  was  reached,  and  then  CO  increased.  Fig.  5  shows  the  plots  of  temperature 
at  which  CO  minima  occurs  versus  carbon  number  of  each  hydrocarbon  at  residence  times  t  =  7.3 
and  5.3  msec.  This  figure  shows  that  as  the  carbon  number  of  the  fuel  is  increased,  Tmin  decreases. 
The  rule  applied  to  alkanes  and  aromatics,  with  the  cracked  fuel  simulant  classified  as  an  alkane. 
Also,  the  effect  of  decreasing  residence  time  was  to  increase  Tmn.  This  was  due  to  reduction  of 
CO  oxidation  at  short  residence  time,  while  CO2  dissociation  rate  proceeded  quickly  regardless  of 
residence  time.  Results  presented  in  Fig.  5  can  be  approximated  by  the  equation  (x  =  msec): 

T„u„  =  -11.35CN- 11.27T+  1796  (5) 

Fig.  6  shows  emissions  index  of  CO  from  several  hydrocarbons  at  several  Tf  plotted  as  a 
function  of  carbon  number  at  residence  time  of  7.3  msec.  Alkanes  and  aromatics  are  plotted 
separately,  and  the  cracked  fuel  simulant  is  treated  as  an  alkane.  As  shown,  alkanes,  sans 
methane,  displayed  a  slight  increase  in  CO  as  carbon  number  increased.  Methane  produced  more 
CO  than  other  hydrocarbons  investigated.  This  was  due  in  part  to  the  stability  of  the  methane 
molecule,  which  resulted  in  poor  oxidation  of  methane  compared  to  other  fuels.  The  two 
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aromatics  showed  a  reverse  trend  from  alkanes,  with  a  decrease  in  CO  being  observed  as  CN 
increased  from  7  to  8.  This  observation  is  analogous  to  the  difference  between  methane  and 
ethane.  The  primary  path  of  toluene  consumption  at  high  temperature  is  C-C  rupture,  resulting  in 
CyHs  CeHs  +  CH3.  C-H  rupture  of  the  methyl  chain  occurs  quickly,  but  the  C7H7  +  H  reaction 
is  rapidly  equilibrated,  and  toluene  is  recycled.  Because  of  this  recycling,  toluene  is  resistant  to 
oxidation,  resulting  in  considerable  UHC  and  CO  in  the  products.  Interestingly,  the  hydrocarbons 
methane  and  toluene  that  produced  the  most  CO  over  the  ranges  of  Tf,  produced  the  least  CO  at 
LBO. 


Rmissions  of  UHC:  Fig.  7  shows  the  emissions  indices  of  UHC  from  several  hydrocarbons  at 
several  Tf,  plotted  as  a  function  of  carbon  number  at  residence  time  of  7.3  msec.  As  shown, 
alkanes  showed  a  rapid  decrease,  then  modest  increase  in  UHC  as  carbon  number  increased.  High 
UHC  of  methane  reflected  the  hydrocarbon’s  narrow  stability  curve;  1500K  was  the  LBO  limit  of 
methane.  Ethane  behaved  more  like  other  alkanes.  Toluene  produced  more  UHC  at  a  given 
temperature  than  other  hydrocarbons  besides  methane,  while  ethylbenzene  produced  a  quantity  of 
UHC  more  akin  to  alkanes  of  the  same  carbon  number.  As  with  CO,  similarity  between  methane 
and  ethane,  toluene  and  ethylbenene  is  observed.  Of  all  the  hydrocarbons  tested  at  LBO,  toluene 
and  n-dodecane  produced  the  most  UHC. 

F.missinns  of  NOv:  NQv  formation  in  gas  turbine  combustors  is  typically  associated  with  primary 
zone  combustion  at  near-stoichiometric  conditions  and  high-power  settings.  The  formation  of 
species  such  as  NO  and  NO2  is  a  complex  function  of  temperature,  residence  time,  equivalence 
ratio,  and  detailed  chemical  kinetics.  A  better  understanding  of  these  effects  would  help  designers 
of  combustion  devices  to  limit  NOx  production  without  compromising  combustion  efficiency.  A 
study  of  the  chemical  pathways  responsible  for  NOx  production  in  a  combustion  environment  with 
heavy  hydrocarbons  is  becoming  possible.  The  relative  roles  of  the  thermal  NO  (Zeldovich) 
mechanism,  super-equilibrium  effects,  prompt  NO  mechanism,  N2O  mechanism,  and  fuel  nitrogen 
mechanisms  are  surveyed  by  Lefebvre  [4]. 


Fig.  8  shows  plots  of  El  NOx  from  several  hydrocarbons  at  Tf  =  18(X)K  and  1950K  vs. 
(C/H)  ratio,  with  alkanes  and  aromatics  plotted  separately,  and  with  cracked  fuel  simulant  plotted 
with  the  alkanes.  For  the  El  NOx  calculations,  all  NOx  is  treated  as  NO2.  The  hydrocarbons 
exhibited  a  gradual  increase  in  NOx  as  (C/H)  ratio  increased  from  0.25  to  0.33  (methane  to 
ethane).  A  decrease  was  detected  between  (C/H)  ratio  0.33  and  0.4375  (ethane  to  n-heptane). 
Then,  for  (C/H)  ratio  >  0.4375  (n-dodecane,  cyclohexane,  cracked  fiiel  simulant,  respectively),  an 
increase  in  NOx  was  measured.  Further,  these  trends  became  more  apparent  at  higher 
tenperature.  At  Tf  =  1950  K,  alkanes  in  general  produced  less  NOx  than  cracked  fuel  simulant 
((C^)  =  0.5081).  The  two  aromatics  showed  a  similar  increase  in  NOx  with  (C/H)  ratio,  with 
toluene  producing  more  NOx  than  ethylbenzene.  Our  work  suggested  the  following  relationship: 


NOx 


=  kt'^^exp| 


KTf 


(ppmV)  (6) 
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It  was  desirable  to  find  a  relation  between  activation  energy  or  rate  constant  and  a  fuel 
property,  and  apply  this  relation  to  Eq.  (6).  An  inverse  third  order  polynomial  was  determined  to 
be  the  best  fit  of  the  In  (k)  and  E  data  versus  (C/H)  ratio.  Thus: 

Ecaic  =  (A  +  fi(C/H)  +  C(C/H)"  +  D(C/H)^)-'  (kcal/g-mol)  (7) 

and 

k  =  exp(ln(k))  =  exp((E  +  F(C/H)  +  G(C/H)'  +  HiCfH)Y)  (8) 

where  A  =  2.432*10■^  B  =  -3.938*10•^  C  =  9.237*10•^  D  =  -6.813*10■^  E  =  0.08222,  F  =  - 
0.1486,  G  =  0.3225,  H  =  -0.2249.  Eqs.  (7)  and  (8)  have  been  tested  over  range  0.25  <  (C/H)  < 
0.875. 


As  shown  in  Fig.  8,  the  predictions  made  using  Eqs.  (6-8)  compared  favorably  with 
measured  NOx  data.  This  evidence  suggests  that  designers  should  be  concerned  about  the  effects 
that  decreasing  hydrogen  content  in  a  fuel  could  have  on  NOx  emissions  from  combustors.  The 
present  work  also  offers  some  evidence  that  conversion  to  methane  produces  less  NOx  during 
lean  combustion  with  heavier  fuels. 

Highlights  and  Conclusions:  A  toroidal  WSR,  which  represents  a  laboratory  idealization  of  a 
primary  zone  of  an  LPP  type  of  combustor,  was  used  to  study  lean  blow-out  limits,  combustion 
efficiency,  and  emissions  from  several  pure  hydrocarbons.  Following  were  the  highlights  of  this 
research. 

1.  All  hydrocarbons  except  methane  showed  lean  limits  of  ({>  ~  0.47  with  LP  ~  1.3  g- 
mol/secLatm*  ”  (methane  LBO  was  (|)  ~  0.55  at  similar  LP).  Global  activation  energies  and 
collision  factors  were  calculated  via  stability  theory  to  be  E  =  52  kcal/mol  and  C  =  9.4*10’''  K' 
‘^sec’’m^"'^mol’'"  for  methane;  E  =  49  kcal/mol  and  C  =  1.3*10’^  K'”^sec'’m^"'^mol''"  for  ethane. 
Thus,  WSR  experiments  yield  fundamental  chemical  kinetic  data. 

2.  For  several  different  hydrocarbons,  the  combustion  efficiency  T|comb  at  LBO  decreased  as 
fuel  carbon  number  increased.  This  relation  was  observed  for  alkanes,  aromatics  and  cracked  fuel 
simulant  and  suggests  up  to  2  percent  drop  in  combustion  efficiency  when  using  heavy 
hydrocarbon  fuels. 

3.  Hydrocarbons  of  different  structure  (alkanes,  aromatics)  and  carbon  number  produced 
different  amounts  of  CO  at  the  same  temperature  and  residence  time.  Increasing  residence  time 
decreased  the  concentration  of  CO.  Eq.  (5)  provides  a  relationship  between  the  temperature  at 
which  CO  approaches  a  minimum  concentration  and  the  carbon  number  of  the  fuel.  This 
relationship  was  consistent  for  alkanes  and  aromatics. 

4.  UHC  concentration  from  alkanes  at  a  given  temperature  decreased  greatly  from  methane 
to  ethane,  but  increased  slightly  for  high  carbon  number  hydrocarbons  (i.e.  n-dodecane).  Toluene 
produced  more  UHC  than  alkanes  at  the  same  temperature  (including  n-heptane  with  the  same 
carbon  number)  indicating  that  toluene  oxidized  poorly  at  low  temperature.  With  respect  to  UHC 
emissions.  Ethylbenzene  behaved  as  an  alkane. 
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5.  Hydrocarbons  of  different  structure  and  (C/H)  ratio  produced  different  amounts  of  NOx  at 
the  same  residence  time.  For  alkanes,  as  (C/H)  ratio  increased,  NOx  increased,  then  decreased, 
then  increased  again.  For  aromatics,  as  (C/H)  ratio  increased,  NOx  increased.  Toluene  produced 
more  NOx  than  ethylbenzene.  Eq.  (6)  provides  a  satisfactory  prediction  of  NOx  emissions  as  a 
function  of  (C/H)  ratio. 


2.2  Vortex-Flame  Interaction  Studies 


Objective 

Flame  stability  and  extinction  are  of  both  fundamental  and  practical  importance.  In  a  gas 
turbine  combustor,  transient  interaction  between  large-scale  vortical  structures  and  the  flame  zone 
may  cause  a  local  extinction  of  the  combustion  process.  This  can  lead  to  either  the  premature 
extinction  of  the  combustor  and/or  a  rapid  increase  in  CO  and  UHC  emissions.  Therefore,  the 
objectives  of  this  task  were  to  reveal  the  physical  and  chemical  aspects  of  unsteady  vortex-flame 
interactions  that  cause  local  extinction  and  flame  lift,  and  to  contribute  to  a  fundamental 
understanding  of  turbulent  jet  diffusion  flames  through  numerical  modeling. 

Appendices  C-F  describe  our  contributions  to  this  research. 

Test  Facility  and  Instrumentation 

Fig.  9  shows  the  schematic  of  the  coaxial  jet  diffusion  flame  experiment.  The  burner 
consists  of  a  thick-walled  fuel  tube  (9.45-mm  inner  diameter,  2.4-mm  lip  thickness,  and  806-mm 
length)  and  concentric  air  tube  (26.92-mm  inner  diameter)  through  which  coflowing  air  is 
supplied.  This  whole  assembly  is  located  at  the  center  of  a  low-speed  (0.5  m/s)  external  air  stream 
in  a  vertical  combustion  chimney  (150-mm  x  150-mm  square  cross  section,  483-mm  length).  The 
combustion  chimney  has  quartz  windows  on  all  sides  to  permit  visual  observations  and  laser 
diagnostics.  Methane  was  used  as  the  fuel  for  the  experiments.  A  variety  of  laser  diagnostic 
techniques  were  employed  for  flame  visualization,  velocity  measurements,  and  temperature 
measurements. 

Planar  Flow  Visualization:  In  this  instantaneous  (10  ns)  technique,  zirconia  particles  (<  1  |im, 
97%)  seeded  into  the  fuel  jet  are  illuminated  by  a  sheet  of  laser  light  from  a  pulsed  Nd:YAG  laser 
passing  through  the  jet  axis.  The  direct  image  of  the  flame  and  Mie  scattering  images  from  the 
particles  are  photographed  at  right  angles  to  the  laser  sheet  using  the  35-mm  camera.  These 
images  are  digitized  and  the  effective  spatial  resolution  of  the  experiment  is  measured  to  be  75 
Hm/pixel,  where  a  pbcel  is  defined  as  one  digitized  channel  or  1/512“'  of  a  single  sweep  of  a 
rotating  mirror. 

Velocity  Measurements:  Two  techniques  were  employed;  LDA  and  PIV.  LDA  measures 
instantaneous  velocity  of  individual  seed  particles  and  this  provides  probability  distribution  of 
velocity  components.  However,  due  to  nonuniform  seeding,  velocity  bias  problems  exist.  The 
experimental  scheme  for  two-color  PIV  is  similar  to  that  reported  by  Goss  [6].  A  seeded  flow 
field  is  illuminated  by  green  and  red  pulsed  laser  sheets.  Mie  scattering  from  the  seed  particles  is 
recorded  on  a  color  film  with  a  35-mm  camera.  The  color  film  is  digitized  using  a  scanner  into 
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individual  red,  green,  and  blue  components  at  a  resolution  of  2702  pixels  per  inch.  The  digitized 
image  is  processed  by  customized  PIV  analysis  software  usmg  a  cross-correlation  technique.  The 
spatial  resolution  of  this  cross-correlation  technique  is  0.6  x  0.6  mm. 

Temperature  Measurements:  Two  techniques  were  used;  a  thin-film  pyrometry  (TFP)  and  a 
CARS  system.  In  the  TFP  technique,  a  small  15-p,m  dia.  SiC  filament  is  introduced  into  the  flame. 
The  black  body  radiation  from  the  filament  is  collected  by  an  optical  system  and  focussed  onto  an 
InGaAs  detector  which  provides  the  flame  temperature  profile  as  a  function  of  space  and  time. 
The  CARS  system  used  consists  of  a  Nd:YAG  laser  of  10-ns  pulse  width  and  10-Hz  repetition 
rate,  dye  laser  optics,  incident  and  collection  optics,  a  %-m  grating  spectrometer,  and  a  diode 
array  rapid  scanning  spectrometer  (DARSS)  detector  system.  The  effective  probe  volume  of  the 
CARS  system  is  25-|xm  dia.  x  250-|im  length.  Typically  500  CARS  signals  are  acquired  at  each 
location  and  processed  a  computer. 

Results  and  Discussion 

Vortex-Flame  Interaction:  Fig.  10  shows  the  velocity  vector  fields  of  locally  extinguished  methane 
jet  flames  illustrating  the  internal  and  external  vortex  interference.  In  general,  the  velocity  field 
depends  locally  on  the  ridges  and  troughs  of  internal  and  external  large-scale  vortices,  whether  or 
not  the  flame  zone  exists.  Fig.  1 1  illustrates  several  features  of  the  vortex-flame  interactions  in  jet 
diffusion  flames.  As  the  jet  spreads  downstream,  time  scales  for  both  convection  and  diffusive 
transport  processes  decrease  because  of  lower  velocities  and  smaller  concentration  gradients. 
Longer  residence  times  allow  fuel  pyrolysis  and  soot  formation,  and  the  visible  flame  turns 
luminous.  The  flame  zone  can  bulge  out  in  response  to  the  vortical  motion  in  both  internal  and 
external  structures.  By  contrast,  in  the  near-jet  region,  the  velocity  of  the  annulus  fluid  passing 
through  the  flame  zone  is  large.  Therefore,  the  flame  zone  shifts  inwards,  i.e.,  closer  to  the  jet- 
annulus  fluid  boundary,  where  the  radial  gradients  of  the  mean  axial  velocity,  fuel  concentration, 
and,  in  turn,  fuel  diffusive  flux  are  larger  to  match  with  an  increased  oxygen  flux.  As  a  result,  the 
diffusive  layer  between  the  jet  boundary  and  the  flame  zone  becomes  thin.  This  strains  the  flame 
surface  and  it  loses  its  radial  mobility.  As  explained  below,  both  the  internal  shear  generated  large- 
scale  vortices  and  the  external  shear-buoyancy-induced  vortices  are  responsible  for  local  flame 
extinction  and  lift. 

In  this  manner,  our  experimental  research  using  laser  diagnostics  measurements  have  shed 
new  light  on  the  transient  vortex-flame  interaction  processes. 

Local  Flame  Extinction  and  Lifting  Phenomenon:  Based  upon  our  research  on  vortex-flame 
interaction,  two  distinct  local  flame  extinction  mechanisms  have  been  identified: 

1.  Extinction  caused  by  internal  vortex-flame  interaction  is  primarily  due  to  unsteady  transport 
effects  on  chemical  kinetics.  In  our  experiments,  the  characteristic  diffusion  time  was  estimated  as 
30  ms,  the  internal  vortex  transit  time  was  0.8  ms,  and  therefore,  the  Peclet  number  for  mass 
transport  (i.e.,  the  ratio  of  two  times)  was  relatively  large  around  40.  Thus,  an  internal  vortex  can 
extend  towards  the  flame  zone  without  disturbing  the  surrounding  fuel  concentration  field  and 
subjecting  the  flame  to  an  excessively  high  fuel  flux.  This  extra  fuel  flux  results  in  the  scavenging 
of  the  radical  pool,  quenching  of  exothermic  reactions,  and  local  extinction  of  the  flame. 

2.  Extinction  due  to  external  vortex-flame  interaction  is  also  an  unsteady  phenomenon  that 
involves  longer  time  scales  because  of  lower  vortex  frequency.  The  external  vortex  frequency  was 
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found  to  be  200Hz  corresponding  to  a  period  of  5  ms.  As  the  external  vortex  squeezes  the 
annulus  fluid,  there  is  excess  convective  influx  into  the  strained  flame  thereby  reducing  the 
residence  time  in  the  reaction  zone.  In  addition,  the  flame  is  further  pushed  inward,  where  velocity 
and  concentration  gradients  are  steeper,  further  increasing  the  reactant  leakage,  decreasing  the 
flame  temperature  and  causing  local  flame  extinction. 

We  have  observed  that  the  local  extinction  of  a  methane  jet  diffusion  flame  causes  the 
flame  to  lift  off  few  jet  diameters  downstream  almost  immediately.  Sometimes,  local  extinction 
may  also  lead,  (e.g.  for  hydrogen  and  propane  fuels)  to  the  formation  of  a  stable  split  flame;  i.e.,  a 
combination  of  a  small  laminar  flame  in  the  vicinity  of  the  burner  rim  and  a  "lifted"  turbulent  flame 
downstream  [7].  Such  local  extinction  and  the  subsequent  flame  lift-off  processes  may  represent 
an  essential  step  in  the  lean  blowout  of  gas  turbine  combustors. 

Numerical  Simulation:  The  above  experimental  observations  on  the  dynamics  of  local  extinction 
and  lift-off  prompted  us  to  conduct  a  numerical  simulation  of  vortex-flame  interaction  in  a  jet 
diffusion  flame.  We  traced  the  dynamic  behavior  of  a  laminar  jet  diffusion  flame  in  response  to  an 
artificial  vortex  that  issues  radially  from  the  fuel-jet  core  towards  the  flame  zone.  A  time- 
dependent,  axisymmetric,  implicit,  third-order  accurate  numerical  model  was  used  assuming 
infinitely  fast  chemistry  and  unity  Lewis  number.  Because  of  the  axisymmetry  and  infinitely  fast 
chemistry  assumptions,  our  numerical  analysis  cannot  simulate  the  three-dimensional  nature  of  the 
vortex,  nor  the  flame  extinction  condition.  However,  it  provides  global  information  on  fluid 
dynamic  and  transport  aspects  of  the  vortex-flame  interaction  before  local  extinction. 

The  test  cases  we  have  studied  are  listed  in  Table  3.  Referring  to  Table  3,  cases  1  and  2 
represent  a  laminar  jet  diffusion  flame  with  low  velocities  of  the  primary  jet  Uj  and  annulus  air  Ua. 
At  the  grid  points  within  the  side  jet,  the  radial  component  of  the  local  velocity  is  replaced  by  Vs 
and  the  scalar  variables  are  maintained  at  the  local  values  for  the  time  period  t*.  Case  3  represents 
a  flame  with  higher  jet  velocities  as  would  be  found  in  a  turbulent  flame  and  case  4  represents  a 
condition  in  which  a  vortex  is  ejected  inward  from  outside  the  flame.  Finally,  a  Peclet  number,  Pe 
for  mass  transfer  related  to  the  side  jet  ejection,  is  defined  as  the  ratio  of  characteristic  diffusion 
time  to  characteristic  convection  time  for  vortex  motion.  These  numerical  studies  led  us  to  the 
following  important  observations. 

The  unsteady  vortex-flame  interactions  leading  to  extinction  can  be  divided  into  three 
regimes  depending  upon  the  dominant  process:  diffusion,  convection,  and  chemical  kinetics.  The 
first  two  regimes  are  primarily  physical  vortex-flame  interactions.  During  the  physical  interaction 
stage,  if  a  Peclet  number  is  sufficiently  large  (on  the  order  of  100),  the  vortex  system  penetrates 
into  the  high-temperature  highly  viscous  layer  with  a  slight  flame  movement ,  thus  rapidly  thinning 
the  thermo  diffusive  layer.  The  reactant  leakage  through  the  reaction  zone  increases,  the  flame 
temperature  gradually  decreases,  and  the  heat  release  rate  increases  by  enhanced  diffusion  in  the 
early  regime  and  then  by  convection.  In  the  final  chemical  kinetic  regime  for  the  outward  vortex 
ejection,  an  excess  influx  of  methane  and  methyl  radicals  scavenge  radicals  (OH,  H,  and  O)  and 
terminate  exothermic  oxidation  reactions  of  intermediate  species  (H2  and  CO).  For  the  inward 
ejection,  the  convective  contribution  to  the  oxygen  flux  is  responsible  for  the  excessive  reactant 
leakage,  leading  to  extinction. 
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Highlights  and  Conclusions:  We  used  a  double-concentric  coaxial  methane-air  jet  diffusion 
flame  configuration  to  study  the  vortex-flame  interaction.  A  variety  of  laser  diagnostic  techniques 
were  employed  for  flame  visualization,  velocity  measurements,  and  temperature  measurements. 
Also,  we  completed  a  numerical  simulation  of  the  vortex-flame  interaction.  Following  were  the 
important  conclusions  from  our  research. 

1.  We  have  sketched  several  features  of  the  vortex-flame  interactions  in  Fig.  11.  As  the  jet 
spreads  downstream  the  flame  zone  can  bulge  out  in  response  to  the  vortical  motion  in  both 
internal  and  external  structures.  By  contrast,  in  the  near-jet  region,  the  flame  zone  shifts  inwards 
and  closer  to  the  jet-annulus  fluid  boundary.  As  a  result,  the  diffusive  layer  between  the  jet 
boundary  and  the  flame  zone  becomes  thin  thereby  straining  the  flame  surface.  Both  the  internal 
shear  generated  large-scale  vortices  and  the  external  shear-buoyancy-induced  vortices  are 
responsible  for  local  flame  extinction  and  lift. 

2.  We  identified  two  distinct  local  flame  extinction  mechanisms.  First,  the  extinction  caused  by 
internal  vortex-flame  interaction  is  primarily  due  to  unsteady  transport  effects  on  chemical 
kinetics.  An  internal  vortex  can  extend  towards  the  flame  zone  subjecting  the  flame  to  an 
excessively  high  fuel  flux.  This  extra  fuel  flux  results  in  the  scavenging  of  the  radical  pool, 
quenching  of  exothermic  reactions,  and  local  extinction  of  the  flame.  Second,  extinction  due  to 
external  vortex-flame  interaction  is  caused  as  the  external  vortex  squeezes  the  annulus  fluid  and 
provides  excess  convective  influx  into  the  strained  flame.  This  excess  influx  increases  the 
reactant  leakage,  decreases  the  flame  temperature,  and  causes  local  flame  extinction.  Finally,  we 
have  observed  that  local  flame  extinction  causes  the  flame  to  lift  off  few  jet  diameters 
downstream  almost  immediately. 

3.  We  performed  numerical  simulation,  examining  four  cases  relating  to  the  dynamic  response 
of  a  laminar  jet  diffusion  flame  to  radial  injection  of  an  artificial  vortex.  We  found  that  the 
unsteady  vortex-flame  interactions  leading  to  extinction  can  be  divided  into  three  regimes: 
diffusion,  convection,  and  chemical  kinetics.  The  first  two  regimes  are  primarily  physical  vortex- 
flame  interactions.  During  the  physical  interaction  stage,  if  a  Peclet  number  is  sufficiently  large 
(on  the  order  of  100),  the  vortex  system  penetrates  into  the  high-temperature  highly  viscous  layer 
with  a  slight  flame  movement,  thus  rapidly  thinning  the  thermo  diffusive  layer.  For  the  inward 
ejection,  the  convective  contribution  to  the  oxygen  flux  is  responsible  for  the  excessive  reactant 
leakage,  leading  to  extinction.  In  the  final  kinetic  regime  for  the  outward  vortex  ejection,  an 
excess  influx  of  methane  and  methyl  radicals  scavenge  radicals  (OH,  H,  and  O)  and  terminate 
exothermic  oxidation  reactions  of  intermediate  species  (H2  and  CO)  leading  to  local  extinction. 

2.3  Turbulent  Swirling  Flame  Structure  and  Stability 


Objective 

In  a  modem  gas  turbine  combustor,  turbulence  and  swirling  motion  enhance  fuel-air 
mixing,  combustion  intensity,  and  flame  stabilization,  especially  near  the  lean  blowout  condition, 
to  ensure  an  adequate  stability  margin.  In  a  gas  turbine  combustor,  swirl-induced  recirculation 
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zone  is  generated  by  a  combination  of  three  mechanisms:  an  axial  swirling  air  jet  associated  with 
each  fuel  introduction,  sudden  expansion  of  these  jets  as  they  enter  the  primary  zone,  and  back 
pressure  provided  by  an  array  of  radial  jets  at  the  end  of  the  primary  zone.  We  designed  a  double- 
concentric  jet  diffusion  flame  type  model  combustor,  Step  Swirl  Combustor  (SSC),  and  a  research 
step  combustor  to  reproduce  the  complicated  recirculation  flow  patterns.  The  objective  of  this 
research  was  to  study  the  structure  and  stability  (especially  LBO)  of  a  turbulent  swirling  flame  in 
these  model  combustors. 

Appendices  G-M  describe  our  research  on  turbulent  flames  in  model  combustors. 

Test  Facility  and  Instrumentation 

Fig.  12a  shows  the  schematic  of  a  double  concentric  jet  diffusion  flame  model  combustor. 
This  combustor  consists  of  a  central  fuel  tube  (9.45-mm  inner  diameter,  0.2-mm  lip  thickness, 
806-mm  length)  and  a  concentric  annular-air  tube  (26.92-mm  inner  diameter),  centered  in  a 
vertical  test  section  (150  x  150-mm  square  cross  section  with  rounded  comers,  486-mm  length), 
through  which  external  air  is  supplied.  The  test  section  has  four  quartz  windows  for  laser 
diagnostic  measurements.  A  helical  vane  swirler  unit  is  placed  in  the  annulus  channel  96  mm 
upstream  from  the  jet  exit.  Table  4  shows  the  test  conditions  employed  using  gaseous  hydrogen  as 
the  fuel. 

Fig.  12b  shows  a  schematic  diagram  of  SSC,  which  has  a  150-xl50-mm  cross  section, 
length  of  754  mm,  and  a  step  height  of  55  mm.  Fuel  is  supplied  to  the  combustor  by  the  annular 
fuel  tube  (20  mm  i.d.  and  29  mm  o.d.)  coaxially  sandwiched  between  swirling  air  streams;  the 
inner  air  jet  (20  mm  dia.)  and  the  outer  annular  air  jet  (29  mm  i.d.  and  40  mm  o.d.).  The 
combustor  exit  has  a  45%  blockage  orifice  plate  on  top  which  simulates  the  back  pressure  exerted 
by  the  dilution  jets  in  a  practical  gas  turbine  combustor;  see  Sturgess  et  al.,[8].  The  SSC  has 
quartz  windows  on  all  four  sides  to  permit  visual  observations  and  laser  diagnostics 
measurements.  Stationary  helical  vane  swirlers  were  located  25  mm  upstream  from  the  burner 
tube  exit  in  each  of  the  air  passages.  The  inner  swirler  had  sk  vanes  with  a  central  1.4  mm  dia. 
hole  to  prevent  the  flame  from  anchoring  to  the  swirler.  The  outer  swirler  had  twelve  vanes.  Inner 
swirler  lengths  are  25,  19,  and  19  mm,  respectively,  for  30°,  45°,  and  60°  swirlers;  outer  swirler 
lengths  are  32,  25,  and  19  mm,  respectively,  for  30°,  45°,  and  60°  swirlers. 

We  used  flow  visualization,  CARS  system  for  ten^erature  measurements  and  LDA  system 
for  velocity  measurements.  The  CARS  and  LDA  are  described  below. 

CARS  System:  The  CARS  optics  layout  described  by  Pan  et  al.,  [9]  was  used  for  temperature 
measurements.  The  laser  source  is  provided  by  a  Nd:Yag  pulse  laser  with  a  10-ns  time  resolution 
and  a  Boxcars  configuration  is  used.  The  probe  volume  is  approximately  25-|im  by  250-p,m.  The 
CARS  signal  is  collected  by  a  Spex  1702  spectrometer,  2-D  charge  coupled  diode  (CCD)  camera 
from  Princeton  instruments,  and  Tracor-Northem  multichannel  analyzer.  A  total  of  250  san^les 
were  taken  for  each  CARS  tenperature  measurements.  The  raw  data  is  processed  by  in-house 
software  on  a  personal  computer. 

LDA  System:  A  custom-made  three-corc^jonent  LDA  system  used  for  velocity  measurements. 
This  is  a  three-beam  two  component  (axial  and  radial)  set  using  a  514.5  nm  line  of  an  18  W 
argon-ion  laser  with  a  component  separation  based  on  polarization.  A  two-beam  third  component 
(tangential)  set  uses  a  488.0  nm  line  with  separation  by  color.  Since  the  third  con^onent  is  normal 
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to  the  first  and  second  components,  the  measurement  volume  had  a  quasi-spherical  shape  of  100 
Jim  diameter  and  the  calculated  fringe  spacing  was  3.6  pm.  The  LDA  system  has  Bragg  cell 
frequency  shifting  (10  MHz  for  the  first  and  second  channels  and  30  MHz  for  the  third  channel) 
for  measurements  in  recirculatory  flows,  4-a  filtering  software  for  spurious  signals,  for  example, 
due  to  seed  agglomeration,  and  a  correction  subroutine  to  account  for  the  LDA  signal  biasing 
effects  in  combusting  flows.  A  fluidized-bed  seeder  was  used  to  inject  submicron-sized  (0.1  pm) 
Zr02  particles  into  each  passage.  Countertype  (TSI  1990C)  signal  processors  and  a  tailor-made 

coincidence  circuit  ensured  valid  data  rate  acquisition.  All  the  LDA  signals  were  processed  using 
our  custom-designed  software  which  calculates  intensity,  shear  stresses,  higher  moments 
(skewness  and  kurtosis),  and  pdfs.  Typical  LDA  sampling  rates  exceeded  1  kHz  for  both 
isothermal  and  combusting  flow  measurements. 

Results  and  Discussion 

Turbulent  Jet  Diffusion  Flame  Structure:  Fig.  13  shows  the  turbulence  intensity  distribution  across 
the  hydrogen  jet  flame,  25  mm  downstream  of  the  nozzle  exit.  For  case  2  (no  swirl)  and  case  4 
(with  swirl)  all  components  of  turbulence  intensities  showed  a  peak  in  the  shear  layer  of  the  jet 
where  the  radial  gradient  of  mean  axial  velocity  component  was  large,  and  the  turbulence  level  of 
annulus  fluid  inside  the  flame  zone  increased  rapidly  in  the  turbulent  stirring  layer.  As  the  swirl 
becomes  stronger  (case  4),  turbulence  intensities  increased,  particularly  in  the  central  region  (y  < 
4  mm). 

Fig.  14  shows  the  radial  profiles  of  the  Reynolds  shear  stress  and  gradient  of  the  mean 
axial  velocity.  These  results  indicate  the  radial  diffusion  of  axial  momentum  by  turbulent  transport. 
The  effect  of  swirl  on  the  Reynolds  shear  stress  is  weak  except  for  the  central  region  (<  4  mm)  for 
case  4,  where  turbulent  intensities  increased. 

In  the  developing  region  of  the  turbulent  hydrogen  jet  diffusion  flame,  increasing  the  jet 
velocity  shifts  the  apparent  turbulent  flame  zone  inward;  this  causes  straining  of  the  flame  zone  in 
the  near  field.  On  the  other  hand,  swirl  generally  promotes  turbulence  and  creates  a  positive  radial 
velocity  component  even  at  the  jet-exit  plane,  thereby  shifting  the  flame  zone  outward  and 
broadening  the  thermal  layer.  Also,  swirl  promotes  early  flame  spread,  this  shifts  the  peak  of 
turbulence  intensity  upstream  and  accelerates  the  decay  of  mean  axial  velocity. 

SSC  Lean  Blowout:  Fig.  15  shows  LBO  data  comparing  coswirl  and  counterswirl  for  two  values 
of  the  inner  vane  angle,  namely  30  and  45  deg,  for  both  methane  and  propane  gaseous  fuels. 
Three  important  observations  can  be  made: 

1.  LBO  values  were  lower  with  propane  than  with  methane.  This  is  a  result  of  enhanced 
methane-air  mixing  at  the  flame  base  followed  by  a  lifted  flame  structure  stabilized  in  the  inner 
recirculation  zone. 

2.  For  a  30  deg.  Inner  vane  angle,  LBO  values  were  lower  for  counterswirl  as  opposed  to  co 
swirl  flow  direction.  This  result  arises  because  for  counterswirl  flow,  shearing  braids  cause 
lower  air  velocities  just  above  the  fuel  tube  leading  to  an  attached  flame  (which  has  a  lower 
value  of  LBO).  In  contrast  the  coswirl  produces  higher  axial  mean  velocity  directly  above  the 
fuel  tube,  causing  flame  lift  and  compromising  flame  stability. 
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3.  As  the  inner  vane  angle  is  increased  from  30  to  45  deg,  LBO  values  increase  correspondingly 
and  also  LBO  becomes  less  sensitive  to  swirl  flow  direction.  Again,  this  happens  because  the 
higher  inner  swirl  angle  directs  more  inner  airflow  toward  the  fuel  tube,  causing  flame  lift. 

It  should  be  recognized  that  the  observed  differences  in  LBO  between  coswirl  and 
counterswirling  configurations  has  to  do  with  how  a  flame  stabilizes.  Counterswirl  conditions 
readily  produce  an  attached  flame  for  moderate  inner  swirl  intensity  (30  deg);  however,  both 
configurations  produce  lifted  flames  for  higher  swM  intensity  (45  deg)  and  for  this  latter  condition 
the  LBO  values  are  very  similar.  In  a  practical  gas  turbine  combustor,  Sturgess  [10]  and  Ballal  et 
al.,  [11]  have  observed  three  basic  flame  conditions:  a  thin  sheath-like  pilot  anchored  flame,  a 
shear  layer  flame  associated  with  the  inner  and  outer  recirculation  zones,  and  a  lifted  main  flame, 
which  allows  considerable  premixing  of  reactants  to  take  place  prior  to  combustion.  These 
observations  further  confirm  the  relevance  and  importance  of  the  present  research  to  practical  gas 
turbine  combustors. 

SSC  Flame  Structure  and  Stability:  Our  research  showed  that  flame  stability  in  SSC  depends  upon 
the  flame  shape,  structure,  and  location,  e.g.  attached  vs.  lifted.  Fig.  16  sketches  the  flame  shape, 
structure,  and  location  in  the  SSC.  As  sketched  in  Fig.  16a,  the  following  different  flame 
configurations  were  observed: 

1.  Multiattached  flame:  This  type  of  flame  structure  is  produced  for  the  combination  of  strong 
outer  swirl  (60  deg)  and  zero  inner  swirl.  The  flame  is  simultaneously  attached  at  three 
locations:  (i)  inner  air  side  of  the  fuel  stream,  (ii)  outer  air  side  of  the  fuel  stream,  and  (iii) 
outside  of  the  outer  air  stream.  As  the  strength  of  the  outer  swirl  is  decreased  (30  deg),  the 
attached  flame  structure  shifts  to  that  sketched  in  Fig.  16b. 

2.  Single-attached  flame:  Fig.  16c  illustrates  this  structure.  It  is  observed  for  low  inner  (30  deg) 
and  outer  (30  deg)  counterswirling  air  flows.  Such  flow  conditions  cause  the  collapse  of  the 
twin  attached  flame  structure  (Fig.  16b)  to  a  single  attachment  just  above  the  fuel  tube. 

3.  Lifted  Flame:  Fig.  16d  illustrates  this  type  of  flame.  The  flame  lifts  from  the  fuel  tube  lip 
because  of  the  high  mean  axial  velocity  in  the  near-field  region  above  the  fuel  tube.  The  lifted 
flame  is  stabilized  by  the  inner  recirculation  zone.  However,  increasing  the  swM  intensity 
and/or  combustor  loading  only  slightly  changes  flame  stability,  i.e.,  LBO  values  remain  fairly 
constant  for  lifted  flames.  This  is  because  of  the  premixing  of  the  fuel  and  air  at  the  base  of  the 
flame. 

Research  Step  Combustor  Lean  Blowout:  Fig.  17  illustrates  a  schematic  of  a  geometrically  sin:q)le, 
optically  accessible,  and  acoustically  decoupled  research  combustor  that  was  designed  to 
reproduce  the  gross  features  of  the  flow  field  in  a  modem  annular  gas  turbine  combustor.  We 
successfully  documented  a  systematic  and  detailed  sequence  of  events  comprising  an  attached 
flame,  a  lifted  shear  flame,  an  intermittent  shear  flame,  the  large-scale  instability  of  the  flame  front, 
and  LBO.  Also,  we  compared  these  results  with  those  obtained  using  a  generic  gas  turbine 
combustor. 

Fig.  18  shows  the  sequence  of  events  leading  to  LBO.  As  the  overall  equivalence  ratio  was 
reduced  below  unity,  the  attached  flame  moved  further  downstream  into  the  combustor  in  a 
characteristic  lifted-flame  position  and  form  Continuing  reduction  in  the  equivalence  ratio 
produces  an  onset  of  flow  instability  in  the  lifted  flame,  an  increase  in  the  amplitude  of  the 
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instability,  the  onset  of  intermittency,  severe  intermittency,  and,  finally,  the  onset  of  strong  axial 
flame  instability.  This  sequence  clearly  highlights  the  complexity  of  the  LBO  mechanism  in  a 
modem  annular  gas  turbine  combustor.  In  our  research  combustor,  the  piloting  action  of  the  flame 
in  the  jet  shear  layers  by  the  attached  flame  at  the  step  appears  to  be  cmcial  to  combustor 
stability.  Thus,  successful  modeling  of  the  combustor  stability  requires  the  prediction  of  the 
attached  flame  and  its  lift 

We  measured  LBO  as  a  function  of  air  loading  parameter  (LP)  over  a  range  of  propane 
fuel  flows.  To  achieve  a  wide  variation  in  LP  with  the  simple  atmospheric  pressure  research 
combustor,  a  subatmospheric  pressure  simulation  was  used  as  explained  in  Ref.  [10].  This 
technique  permitted  (i)  the  simulation  of  subatmospheric  pressure  as  low  as  0.1  atm.,  (ii)  the 
completion  of  the  combustor  stability  loop  (ranging  from  <|)  =  0.5  to  0.9),  and  (iii)  increased  LP  by 
two  orders  of  magnitude.  Fig.  19  shows  the  LBO  performance  of  our  research  combustor  and 
stability  loops  for  several  weU-stirred  reactors  from  the  literature,  as  well  as  two  partial  loops  for 
practical  gas  turbine  combustors.  The  trend  of  LBO  vs.  air  loading  shown  in  Fig.  19  is  very 
similar  to  that  found  for  a  well-stirred  reactor.  Thus,  it  is  reasonable  to  conclude  that  our  research 
combustor  correctly  reproduced  the  LBO  processes  of  a  real  gas  turbine  combustor. 

To  simulate  the  presence  of  dilution  air  jets,  we  investigated  the  effects  of  back  pressure 
on  the  LBO  in  our  research  combustor.  As  seen  in  Fig.  20,  LBO  was  improved  by  increasing  the 
exit  blockage.  However,  we  found  that  (see  Ref.  8)  above  a  blockage  of  45%,  (i)  significant 
interference  occurs  between  the  outlet  and  the  combustor  flame  holding,  and  (ii)  LBO  does  not 
improve  much.  Thus,  we  concluded  that  an  exit  blockage  of  45  percent  provides  the  best 
combustion  stability  and  optimal  configuration  (i.e.,  for  a  combustor  of  exit  blockage  =  45  percent 
and  L/D  =  4.9,  the  LBOs  were  virtually  independent  of  blockage  and  acoustic  coupling). 

Soot  Emissions  Studies:  The  emission  of  soot  particulate  from  practical  combustion  systems  (such 
as  a  gas  turbine  combustor)  has  a  significant  adverse  impact  on  the  environment  and  human 
health.  Further,  military  aircraft  engines  leave  a  visible  and  an  infrared  signature  if  they  produce 
exhaust  smoke.  Therefore,  we  performed  a  comprehensive  study  of  sooting  correlation  for 
premixed  combustion.  This  study  is  presented  in  Appendix  Q.  We  found  that  in  combustion 
systems  employing  backmixing  and  flow  recirculation  (e.g.,  a  well  stirred  reactor  and  a  gas  turbine 
combustor),  the  equivalence  ratio  at  sooting  threshold  is  about  15  percent  higher  than  for  laminar 
premixed  bunsen  flames.  Also,  the  (carbon/oxygen)  ratio  at  sooting  is  nearly  constant  for  alkanes, 
but  for  alkenes  and  alkynes,  it  strongly  correlates  with  adiabatic  flame  temperature.  Finally,  we 
observed  a  strong  correlation  at  sooting  between  (oxygen/fuel)  molar  ratio  and  fuel  carbon 
number,  C/H  ratio,  heat  of  formation,  flame  temperature,  and  averaged-distance-sum  connectivity 
index. 

rnmhustion  Stability  Modeling:  We  analyzed  the  SSC  flame  stability  using  a  time-dependent 
axisymmetric  model  which  solves  for  axial-  and  radial-momentum  equations,  continuity,  swirl, 
turbulent  energy  (k),  turbulent-energy  dissipation  (e),  and  enthalpy  and  species  conservation 
equations.  A  single  global-chemical-kinetics  model  involving  methane,  oxygen,  water,  carbon 
dioxide  and  nitrogen  was  used. 

The  following  observations  were  made  from  the  calculated  temperature  fields:  (i)  For  zero 
inner  swirl  the  computations  correctly  predicted  the  locations  of  flames  on  either  side  of  the  fuel 
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jet,  (ii)  For  30°  co-swirl,  a  recirculation  bubble  develops  inside  the  inner  air  jet  and  it  produces  the 
dimple-shaped  flame,  and  (iii)  The  lift-off  height  for  case  (ii)  predicted  by  the  model  matches  well 
with  the  experimental  data.  These  computations  support  the  qualitative  observations  on  flame 
photographs  described  above.  In  summary,  our  simple  turbulence  model  with  a  single-step  global- 
chemical-kinetics  provides  a  reasonable  prediction  of  flame  shape  and  location,  flame 
temperatures,  and  axial  and  swirl  velocities. 

The  analysis  of  LBO  in  a  research  step  combustor  was  addressed  at  three  levels:  (i) 
characteristic  time  modeling,  (ii)  stirred  reactor  network  modeling,  and  (iii)  subgrid-level  stirred 
reactor  modeling. 

In  the  characteristic  time  modeling,  it  is  assumed  that,  at  LBO,  flame  propagation  will 
cease  when  the  rate  of  mixing  between  small  turbulent  eddies  of  cold  reactants  and  hot  products  is 
greater  than  the  local  chemical  reaction  rate.  This  quenching  criteria  finds  its  origin  in  the  work  of 
Lockwood  and  Megahed  [12]  and  yields: 

1 .5 {D  CpK^/cjt  E}/v  { 1  +  Siy(ev)0-25  }>i  q  (5) 

where  D  is  the  laminar  diffusion  coefficient,  K  is  the  kinetic  energy  of  turbulence,  e  is  the 
dissipation  rate,  Cjx  is  a  constant,  is  the  turbulent  Schmidt  number,  and  Sl  is  the  laminar  flame 
speed.  Eventually,  this  approach  provided  the  reactor  extinction  criteria  for  the  sub  grid-level 
stirred  reactor  modeling. 

In  the  local  stirred  reactor  modeling,  the  combustor  volume  is  represented  by  an 
equivalent  global  stirred  reactor  network.  This  enables  the  calculation  of  stability  from  thermo¬ 
chemistry  considerations.  For  our  research  combustor,  the  resulting  reactor  was  44%  of  the 
combustor  volume  and  corresponded  reasonably  well  to  the  lifted  flame  observed  in  the  real 
combustor.  As  shown  in  Ref.  [11],  good  agreement  was  found  between  predictions  and 
experiments  for  the  research  combustor. 

In  the  subgrid  scale  reactor  modeling  the  eddy  dissipation  concept  (EDC)  of  Byggstoyl 
and  Magnussen  [13]  represents  a  general  model  for  chemical  reaction  in  turbulent  flow.  In  the 
EDC  model,  the  reactants  are  homogeneously  mixed  within  the  fine  structure  (Kolmogoroff 
eddies)  of  turbulence;  therefore,  these  foe  structures  can  be  treated  as  PSRs. 

Axisymmetric  CFD  calculations  were  made  using  the  Pratt  and  Whitney  two-dimensional 
PREACH  code.  Three  constraints  were  applied  on  the  chemical  reaction;  (i)  the  EDC  model  with 
characteristic  time-based  extinction  criterion  was  implemented,  (ii)  the  local  mixture  should  be 
within  flammability  limits  (lean  ^  =  0.2  or  0.5  depending  upon  reactant  temperature  and  upper  (|) 
to  2.0),  and  (iii)  turbulence  effects  on  the  flame  burning  velocity.  These  results  show  that  the 
stoichiometric  contour  crosses  the  step  recirculation  zone  from  the  confluence  of  the  jets  and 
reaches  the  combustor  wall  about  hal^ay  between  the  step  and  the  recirculation  reattachment 
plane.  We  can  infer  from  these  temperature  contours  that  the  main  flame  exists  in  the  jet  shear 
layers  and  originates  about  10  cm  from  the  step-plane  (i.e.,  it  is  lifted  and  not  attached).  It  is  thick 
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and  follows  the  stoichiometric  contour  across  the  recirculation  zone.  There  is  some  agreement 
between  the  characteristics  of  the  inferred  flame  and  the  actual  flame  observed  in  the  time-mean 
photographs  and  in  the  near-instantaneous  pictures  of  laser-induced  OH  fluorescence  where 
concentrated  islands  of  reaction  in  the  jet  shear  layer  thicken  the  flame  region.  However,  it  was 
found  that  this  model  calculated  the  lifted-flame  condition  but  was  unsuccessful  in  predicting  the 
all-important  attached-flame  condition. 

Highlights  and  Conclusions:  We  designed  a  variety  of  laboratory  model  combustors  to  reproduce 
the  complicated  swirl-induced  recirculation  flow  patterns  present  in  a  modem  gas  turbine 
combustor.  Next,  we  performed  an  experimental  and  numerical  investigations  of  the  stmcture 
and  stability  (especially  UBO)  of  a  turbulent  swirling  flame  in  these  model  combustors.  We 
reached  the  following  important  conclusions. 

1.  In  the  developing  region  of  the  turbulent  hydrogen  jet  diffusion  flame,  increasing  the  jet 
velocity  shifts  the  apparent  turbulent  flame  zone  inward;  makes  the  thermal  layer  thinner,  and 
thus,  strains  the  flame  zone  in  the  near  field.  On  the  other  hand,  swirl  generally  promotes 
turbulence  and  creates  a  positive  radial  velocity  component  even  at  the  jet-exit  plane,  thereby 
shifting  the  flame  zone  outward  and  broadening  the  thermal  layer.  Swirl  promotes  early  flame 
spread  and  turbulent  mixing.  These  data  may  be  used  to  validate  advanced  turbulent  combustion 
models. 

2.  Our  research  work  in  SSC  revealed  that  the  observed  differences  in  LBO  between  coswirling 
and  counterswirling  configurations  has  to  do  with  how  a  flame  stabilizes.  Counterswirl 
conditions  readily  produce  an  attached  flame  for  moderate  inner  swirl  intensity  (30  deg); 
however,  both  configurations  produce  lifted  flames  for  higher  swirl  intensity  (45  deg)  and  for  this 
latter  condition  the  LBO  values  are  very  similar.  Also,  LBO  values  were  lower  with  propane  than 
with  methane.  This  is  a  result  of  enhanced  methane-air  mixing  at  the  flame  base  followed  by  a 
lifted  flame  structure  stabilized  in  the  inner  recirculation  zone.  These  observations  confirm  the 
relevance  and  importance  of  the  present  research  to  practical  gas  turbine  combustors. 

3.  Our  research  showed  that  flame  stability  in  SSC  depends  upon  the  flame  shape,  structure,  and 
location,  e.g.,  attached  vs.  lifted.  Following  different  flame  configurations  were  observed:  (i) 
Multiattached  flame  is  produced  for  the  combination  of  strong  outer  swirl  (60  deg)  and  zero 
inner  swirl,  (ii)  Single-attached  flame  is  observed  for  low  inner  (30  deg)  and  outer  (30  deg) 
counterswirling  air  flows  and  (iii)  Lifted  flame  is  produced  because  of  the  high  mean  axial 
velocity  in  the  near-field  region  above  the  fuel  tube.  Our  computations  correctly  predicted  the 
attached  flame  locations,  the  development  of  a  strong  inner  recirculation  zone,  the  flame  lift-off 
height,  the  location  of  reattachment  point  of  the  recirculation  bubble,  and  confirm  the  transport  of 
combustion  products  upstream. 

4.  We  successfully  documented  a  systematic  and  detailed  sequence  of  events  comprising  an 
attached  flame,  a  lifted  shear  flame,  an  intermittent  shear  flame,  the  large-scale  instability  of  the 
flame  front,  and  LBO.  This  sequence  clearly  highlights  the  complexity  of  the  LBO  mechanism  in 
a  modem  annular  gas  turbine  combustor.  In  our  research  combustor,  the  piloting  action  of  the 
flame  in  the  jet  shear  layers  by  the  attached  flame  at  the  step  appears  to  be  crucial  to  combustor 
stability.  Thus,  successful  modeling  of  the  combustor  stability  requires  the  prediction  of  the 
attached  flame  and  its  lift.  Finally,  the  trend  of  LBO  vs.  air  loading  was  found  to  be  very  similar 
to  that  for  a  well-stirred  reactor.  Thus,  it  is  reasonable  to  conclude  that  our  research  combustor 
correctly  reproduced  the  LBO  processes  of  a  real  gas  turbine  combustor. 
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5.  We  performed  a  comprehensive  study  of  sooting  correlation  for  premixed  combustion.  We 
found  that  in  combustion  systems  employing  backmixing  and  flow  recirculation  (e.g.,  a  well 
stirred  reactor  and  a  gas  turbine  combustor),  the  equivalence  ratio  at  sooting  threshold  is  about  15 
percent  higher  than  for  laminar  premixed  bunsen  flames.  Also,  the  (carbon/oxygen)  ratio  at 
sooting  is  nearly  constant  for  alkanes,  but  for  alkenes  and  alkynes,  it  strongly  correlates  with 
adiabatic  flame  temperature.  Finally,  we  observed  a  strong  correlation  at  sooting  between 
(oxygen/fuel)  molar  ratio  and  fuel  carbon  number,  C/H  ratio,  heat  of  formation,  flame 
temperature,  and  averaged-distance-sum  connectivity  index. 

6.  We  analyzed  the  SSC  flame  stability  using  a  time-dependent  axisymmetric  model.  These 
computations  correctly  predicted  the  locations  of  flames  on  either  side  of  the  fuel  jet,  the 
observed  dimple-shaped  flame,  and  flame  lift-off  height,  flame  temperatures,  and  axial  and  swirl 
velocities.  The  analysis  of  LBO  in  a  research  step  combustor  was  addressed  at  three  levels:  (i) 
characteristic  time  modeling,  (ii)  stirred  reactor  network  modeling,  and  (iii)  subgrid-level  stirred 
reactor  modeling. 

It  was  found  that  the  dissipation  gradient  approach  combined  with  an  eddy  dissipation 
model  with  a  built-in  characteristic  extinction  time  criteria  offered  the  best  possibility  of  a  priory 
LBO  calculation. 


2.4  Film  Cooling  With  High  Free  Stream  Turbulence 


Objective 

To  permit  near-stoichiometric  combustor  operating  temperatures,  a  modem  gas  turbine 
stage  employs  film  cooling.  Air  is  injected  through  rows  of  small  holes  in  the  blade  surface.  It 
protects  the  blade  surface  until  the  coolant  jet  mixes  with  a  hot  surrounding  flow  with  high  free 
stream  turbulence.  The  objective  of  our  research  was  to  investigate  the  influence  on  film  cooling 
effectiveness  and  heat  transfer  coefficient  of  the  coolant  injection  flow  (steady  and  unsteady)  and 
free  stream  turbulence. 

Appendices  N  and  O  describe  the  results  of  our  research. 

Test  Facility  and  Instmmentation 

Fig.  21  shows  an  overall  view  of  the  experimental  facility  and  heat  transfer  surface.  The 
tunnel  is  supplied  with  a  nominal  1.5  kg/s  airflow  within  a  temperature  range  of  288K  to  325K. 
The  film  cooling  flow  can  be  adjusted  to  provide  temperature  10-20C  in  excess  of  free  stream 
temperature. 

Unsteady  film  cooling  flow  was  generated  by  sinusoidal  pulsing  of  the  injected  coolant. 
The  flow  pulsations  were  generated  by  a  25.4  cm  dia.  150W  audio  speaker.  Downstream  of  the 
transition  nozzle,  at  the  film  cooling  station,  free  stream  turbulence  levels  of  0.7%  to  17%  were 
achieved.  A  single  row  of  1.905  cm  film  cooling  holes  (L/D  =  2.4)  was  located  at  an  injection 
angle  of  35  deg.  to  the  primary  flow.  Table  5  lists  typical  flow  characteristics  at  the  film  cooling 
station. 

A  TSI  Model  #  IFA  100  hot  wire  anemometer  was  used  for  velocity  measurements. 
Turbulence  length  scales  were  calculated  by  integrating  to  the  first  zero  crossing  of  the 
autocorrelation  coefficient  function  for  the  velocity  obtained  from  the  hot  wire  signal.  An  array 
of  0.33  mm  bead  diam.  thermocouples  measured  surface  temperatures.  Finally,  in  a  recent  study, 
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a  two-color  PIV  system  was  employed.  This  system  resolves  directional  ambiguity  using  the  color 
coding  of  the  particle  images  and  also  provides  higher  data  yields. 

Results  and  Discussion 

r-haracteri7.ation  of  Film  Cooling  Jet:  Fig.  22  shows  jet  spread  for  a  blowing  ratio  of  0.7  at  the 
free  stream  turbulence  levels  of  1%  and  17%.  This  result  shows  a  near  doubling  of  jet  spread, 
growth  of  the  shear  layer,  and  increase  in  turbulence  scale  with  higher  free  stream  turbulence 
level.  Also  seen  is  the  roll  up  of  the  film  cooling  jet  boundary  layer  in  a  direction  opposite  to  what 
would  be  the  anticipated  free  stream  shear  layer  roll  up. 

Fig.  23  shows  the  thickness  of  the  shear  layer  as  a  function  of  turbulence  and  blowing 
ratio.  It  is  observed  that  at  a  blowing  ratio  of  1.5,  the  film  momentum  dominates  that  of  the  free 
stream  with  both  angles  decreasing  with  increasing  turbulence.  The  shear  layer  over  the  film  hole 
is  clearly  driven  primarily  by  the  blowing  ratio  and  the  free  stream  then  dominating  the  eddy  size 
after  the  film  hole.  The  shedding  frequency  of  the  shear  layer  increases  and  the  scale  size 
decreases  over  the  film  hole  with  blowing  ratio.  The  roll  up  frequency  for  the  shear  layer  after  the 
film  hole  decreases  and  the  scale  size  increases  with  both  blowing  ratio  and  turbulence  level. 

Film  Cooline  Effectiveness:  Fig.  24  shows  plots  of  film  cooling  effectiveness  vs.  downstream 
distance.  At  low  free  stream  turbulence  level  (Tu  =  0.7%),  the  cooling  effectiveness  decreases  by 
approximately  30  percent  as  the  forcing  frequency  is  increased  from  5  Hz  to  20  Hz.  Our 
measurements  of  axial  velocity  profiles  showed  that  forcing  increases  the  velocity  and  velocity 
gradient  near  the  wall  significantly  for  the  blowing  ratio  of  0.6.  Also,  the  modulation  results  in 
enhanced  mixing  with  the  free  stream  thus  reducing  maximum  coolant  temperature  even  at  the 
first  measurement  station. 

Fig.  25  shows  the  effects  of  free  stream  turbulence  and  forcing  on  heat  transfer  coefficient. 
This  shows  a  decrease  in  the  heat  transfer  coefficient  with  high  free  stream  turbulence  (Tu  =  17%) 
and  forcing.  Thus,  it  is  seen  that  the  forcing  flow  has  a  detrimental  effect  on  film  cooling  as 
compared  to  that  observed  in  nonperiodic  high  turbulence  experiments  at  comparable  amplitude. 

Highlights  and  Conclusions:  We  performed  a  detailed  characterization  of  the  coolant  injection 
flow  (steady  and  unsteady)  and  its  interaction  with  free  stream  turbulence.  We  examined  the 
influence  of  these  two  parameters  on  film  cooling  effectiveness  and  heat  transfer  coefficient. 
Following  conclusions  were  obtained. 

1.  PIV  measurements  showed  an  almost  doubling  of  the  jet  spread  for  an  increase  in  free  stream 
turbulence  from  1%  to  17%.  This  observation  suggests  lower  film  cooling  effectiveness  and  a 
proportionately  higher  mixed  out  temperature. 

2.  The  forcing  of  the  film  cooling  flow  resulted  in  a  decrease  in  film  cooling  effectiveness  by  as 
much  as  70%.  Moreover,  the  temperature  profiles,  their  near-wall  gradients,  and  heat  transfer 
coefficients  mimic  this  decrease  in  film  cooling  effectiveness. 

3.  The  forced  flows  show  detrimental  effect  on  film  cooling  effectiveness  comparable  to  the 
observed  influence  of  nonperiodic,  high  free  stream  turbulence.  Though  the  unsteadiness  has  an 
undesirable  effect  on  film  cooling,  the  results  of  increased  mixing  and  penetration  could  make 
modulation  a  beneficial  technology  for  dilution  jets  in  gas  turbine  combustors. 
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3.0  SUMMARY  AND  CONCLUSIONS 


A  long-term  goal  of  the  Air  Force  is  to  develop  high-performance  gas  turbine  engines  with 
combustors  that  operate  at  near-stoichiometric  conditions,  bum  broad-specification  fuels,  and 
have  low  maintenance  and  high  durability.  Therefore,  the  objective  of  the  proposed  research  was 
to  develop  a  fundamental  understanding  of  the  combustion  process  in  a  gas  turbine  combustor  by 
designing  a  variety  of  laboratory  experiments.  Specifically,  we  completed  the  following  four  key 
investigations. 

1.  WSR  Experiments  to  study  combustion  stability,  LBO,  and  emissions. 

2.  Vortex-flame  interactions  to  study  mixing,  lean  stability,  ignition,  and  extinction. 

3.  Flame  stabilization  and  lean  blowout  studies  using  a  step  swirl  combustor. 

4.  Study  film  cooling  of  hot-section  components. 

A  toroidal  WSR  was  used  to  study  lean  blowout  limits,  combustion  efficiency,  and 
emissions  from  several  pure  hydrocarbons.  We  found  that  the  LBO  for  several  hydrocarbons  was 
around  ((>  ~  0.47.  The  combustion  efficiency  rjcoiub  at  LBO  decreased  by  about  2  percent  as  fuel 
carbon  number  increased.  Hydrocarbons  of  different  structure  (alkanes,  aromatics)  and  carbon 
number  produced  different  amounts  of  CO  at  the  same  temperature  and  residence  time. 
Hydrocarbons  of  different  structure  and  (C/H)  ratio  produced  different  amounts  of  NOx  at  the 
same  residence  time.  The  main  conclusion  is  that  hydrocarbon  fuel  structure  will  have  a  noticeable 
influence  on  the  combustion  and  emissions  performance  of  a  gas  turbine  combustor.  Moreover, 
WSR  is  an  ideal  laboratory  combustor  capable  of  yielding  fundamental  chemical  kinetic  data. 

In  a  gas  turbine  combustor,  transient  interaction  between  large-scale  vortical  structures 
and  the  flame  zone  may  cause  a  local  extinction  of  the  combustion  process.  Therefore,  we  studied 
the  physical  and  chemical  aspects  of  unsteady  vortex-flame  interactions  that  cause  local  extinction 
and  flame  lift  in  a  double-concentric  jet  diffusion  flame  combustor.  We  found  that  both  the 
internal  shear  generated  large-scale  vortices  and  the  external  shear-buoyancy-induced  vortices  are 
responsible  for  local  flame  extinction  and  lift.  The  extinction  caused  by  internal  vortex-flame 
interaction  is  primarily  due  to  the  unsteady  transport  effects  on  chemical  kinetics.  On  the  contrary, 
extinction  due  to  external  vortex-flame  interaction  is  caused  due  to  excess  convective  influx  into 
the  strained  flame.  Our  numerical  simulation  showed  that  vortex-flame  interactions  leading  to 
extinction  can  be  divided  into  three  regimes:  diffusion,  convection,  and  chemical  kinetics.  Finally, 
we  observed  that  the  local  flame  extinction  causes  the  flame  to  lift  off  a  few  jet  diameters 
downstream  almost  immediately. 

In  a  modem  gas  turbine  combustor,  turbulence  and  swirling  motion  enhance  fuel-air 
mixing,  combustion  intensity,  and  flame  stabilization,  especially  near  the  lean  blowout  condition 
and  ensure  an  adequate  stability  margin.  Therefore,  we  studied  the  stracture  and  stability 
(especially  LBO)  of  a  turbulent  swirling  flame  in  a  variety  of  model  combustors.  We  found  that 
swirl  promotes  turbulence  and  creates  a  positive  radial  velocity  component  that  increases  flame 
spread  and  turbulent  mixing.  Our  research  in  a  SSC  revealed  that  counter  swirl  produces  an 
attached  flame  (hence  better  stability)  for  moderate  inner  swirl  intensity.  However,  both  counter- 
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and  co-swirl  configurations  produce  lifted  flames  for  higher  swirl  intensity  and  similar  LBO 
values.  We  observed  different  flame  configurations  such  as  multi-attached  flame,  single-attached 
flame,  and  lifted  flame.  Our  computations  correctly  predicted  the  attached  flame  locations,  the 
development  of  a  strong  inner  recirculation  zone,  the  flame  lift-off  height,  the  location  of 
reattachment  point  of  the  recirculation  bubble,  and  confirm  the  transport  of  combustion  products 
upstream. 

In  our  research  step  combustor,  we  successfully  documented  a  systematic  and  detailed 
sequence  of  events  comprising  an  attached  flame,  a  lifted  shear  flame,  an  intermittent  shear  flame, 
the  large-scale  instability  of  the  flame  front,  and  LBO.  Moreover,  the  piloting  action  of  the  flame 
in  the  jet  shear  layers  by  the  attached  flame  at  the  step  appeared  to  be  crucial  to  combustor 
stability.  Finally,  we  performed  a  comprehensive  study  of  sooting  correlation  for  premixed 
combustion.  We  found  that  in  combustion  systems  employing  backmixing  and  flow  recirculation 
(e.g.  a  well  stirred  reactor  and  a  gas  turbine  combustor),  the  equivalence  ratio  at  sooting  threshold 
is  about  15  percent  higher  than  for  laminar  premixed  bunsen  flames.  Also,  the  (carbon/oxygen) 
ratio  at  sooting  is  nearly  constant  for  alkanes,  but  for  alkenes  and  alkynes,  it  strongly  correlates 
with  adiabatic  flame  temperature.  Finally,  we  observed  a  strong  correlation  at  sooting  between 
(oxygen/fuel)  molar  ratio  and  fuel  carbon  number,  C/H  ratio,  heat  of  formation,  flame 
temperature,  and  averaged-distance-sum  connectivity  index. 

Finally,  we  addressed  the  analysis  of  LBO  in  a  research  step  combustor  and  found  that  the 
dissipation  gradient  approach  combined  with  an  eddy  dissipation  model  with  a  built-in 
characteristic  extinction  time  criteria  offered  the  best  possibility  of  an  a  priory  LBO  calculation. 

In  a  modem  gas  turbine,  a  coolant  film  protects  the  turbine  blade  surface  until  the  coolant 
jet  mixes  with  a  hot  surrounding  flow  with  high  free  stream  turbulence.  We  investigated  the 
influence  on  film  cooling  effectiveness  and  heat  transfer  coefficient  of  the  coolant  injection  flow 
(steady  and  unsteady)  and  free  stream  turbulence.  PIV  measurements  showed  an  almost  doubling 
of  the  jet  spread  for  an  increase  in  free  stream  turbulence  from  1%  to  17%.  The  forcing  of  the  film 
cooling  flow  resulted  in  a  decrease  in  film  cooling  effectiveness  by  as  much  as  70%.  Moreover, 
the  temperature  profiles,  their  near-wall  gradients,  and  heat  transfer  coefficients  mimic  this 
decrease  in  film  cooling  effectiveness.  The  forced  flows  show  detrimental  effect  on  film  cooling 
effectiveness  comparable  to  the  observed  influence  of  non-periodic,  high  free  stream  turbulence. 
Though  the  unsteadiness  has  an  undesirable  effect  on  film  cooling,  the  results  of  increased  mixing 
and  penetration  could  make  modulation  a  beneficial  technology  for  dilution  jets  in  gas  turbine 
combustors. 


Appendices  A-O  are  published  copies  of  some  of  our  journal  papers.  Appendbc  P  is  a  list 
of  honors  and  awards,  publications,  presentations,  and  reports  produced  on  this  successfully 
completed  Air  Force  Contract  No.  F33615-92-C-2207. 
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Table  1:  IHPTET-Phase  III  Goals  and  Payoffs 


Goals 

Payoffs 

Fighter 

100%  increase  in  thrust/weight 

50%  decrease  in  fuel  consumption 

Mach  3+  capability 

Supersonic  aircraft 

100%  increase  in  payload  over  F-14 

Rotorcraft 

30%  decrease  in  fuel  consumption 

100%  increase  in  power/weight 

100%  increase  in  range/payload 
over  CH-47 

Commercial/ 

Transport 

30%  decrease  in  fuel  consumption 

Increased  range/payload 

Longer  life,  reduced  life  cycle  costs. 
Reduced  parts  count,  improved 
maintenance 

Table  2:  WSR  Test  Matrix 


Hydrocarbon 

Carbon 

Number 

(C/H) 

X  (msec) 

^min 

^max 

Ttn^iK) 

Methane 

1 

0.25 

7.3 

0.55 

0.88 

1507 

1967 

6.32 

0.59 

0.83 

1517 

1918 

Ethane 

2 

0.333 

7.26 

0.48 

0.84 

1407 

1996 

6 

0.5 

lAl 

0.48 

0.82 

1429 

1981 

5.22 

0.51 

0.78 

1536 

1922 

IIESxSSSSH 

7 

0.4375 

7.19 

0.53 

0.84 

1517 

1975 

5.49 

0.54 

0.81 

1595 

1974 

Toluene 

7 

0.875 

7.32 

0.46 

0.79 

1499 

1946 

5.35 

0.5 

0.78 

1552 

1936 

8 

0.8 

1A3 

0.48 

0.76 

1478 

1958 

5.33 

0.49 

0.67 

1546 

1839 

Cracked  Fuel 
Simulant 

2.52 

0.5081 

6.75 

0.49 

0.77 

1530 

2007 

5.17 

0.46 

0.76 

1391 

1969 

n-Dodecane 

12 

0.4615 

7.39 

0.46" 

0.8 

1357 

1979 

5.2 

0.55 

0.79 

1581 

1983 
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Table  3:  Vortex-Flame  Interaction  Test  Conditions 


Case 

Uj 

(m/s) 

Ua 

(m/s) 

Vs 

(m/s) 

ts 

(msec) 

Peclet  No. 

Pe 

1 

1.5 

1.5 

7 

0.5 

100 

2 

1.5 

1.5 

14 

0.5 

220 

3 

15 

3 

20 

0.06 

260 

4 

15 

3 

-4 

0.06 

140 

Table  4:  Experimental  Test  Conditions  for  Turbulent  Swirling  Jet  Diffusion  Flames 


Case 

6 

(deg.) 

Uj 

(m/s) 

Ua 

(m/s) 

Uc 

(m/s) 

1 

0 

25 

4 

1 

2 

0 

100 

20 

4 

3 

30 

100 

20 

4 

4 

45 

100 

20 

4 

Table  5:  Typical  Flow  Characteristics  at  the  Film  Cooling  Station 


Parameter 

No  Turbulence 

Jet  Flow  Turbulence 

Data  at  y/5  =  2.6 

Tu  (%) 

0.7  to  0.96 

17.3 

Lex  (cm) 

7.73 

Data  at  y  =  5 

U(ni/s) 

16.03 

16.82 

Rcd 

19,085 

20,026 

u  (m/s) 

0.59 

3.16 

Tu  (%) 

3.68 

18.79 

Lgx  (cm) 

8.05 

5 

1.22 

1.26 

6* 

0.123 

0.123 

6 

0.0927 

0.0965 

H 

1.33 

1.27 

e/6 

0.0487 

0.051 

Ree 

929 

1015 
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Fig.  1:  Schematic  diagram  of  a  toroidal  WSR  (dimensions  in  mms) 
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Fig.  2:  WSR  test  facility  and  associated  instrumentation. 
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Fig.  3:  LBO  equivalence  ratio  versus  loading  parameter  for  several  hydrocarbon  fuels. 
(Note:  methane  (black  diamond),  ethane  (circle),  cyclohexane  (triangle),  n-dodecane  (white 
diamond),  toluene  (X),  and  cracked  fuel  simulant  (+).  Also  shown  (solid  lines)  are 
calculated  methane  and  ethane  stability  curves.) 


Fig.  4:  Combustion  efficiency  versus  fuel  carbon  number.  LP  ~  1.3  g-mol/sec‘L‘atm^'^^. 
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Fig.  5:  Plots  of  reaction  temperature  for  minimum  CO  emission  versus  fuel  carbon  number. 


Aromatics 


Fig.  6:  Emissions  indices  of  CO  versus  fuel  carbon  number. 
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Fig.  9.  Schematic  of  coaxial  jet  diffusion  flame  burner. 


Fig.  10.  Velocity  vector  Helds  of  locally  extinguished  methane  jet  diffusion  flames. 
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Fig.  11.  Sketch  illustrating  vortex-flame  interactions  in  jet  diffusion  flames. 
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TEST  SECTION 


AIR 


(20  nun) 


Fig.  12.  Schematic  of  (a)  Double  concentric  jet  diffusion  flame  combustor,  (b)  Step  Swirl 
Combustor  (SSC). 
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Fig.  13.  Turbulent  intensity  distribution  across  the  hydrogen  jet  flame  at  x  =  25  mm. 
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Fig.  14.  Radial  distribution  of  (a)  Reynolds  shear  stress,  and  (b)  axial  velocity  gradient 
across  the  hydrogen  jet  flame. 
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Inner  Vane  Angle 


Fig.  15.  LBO  data  in  SSC  comparing  inner  swirl  angle,  co-swirl  (co),  and  counter-swirl  (ct). 


Fig.  16.  Sketches  illustrating  the  various  flame  conflgurations  observed  in  SSC. 
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Fig.  17.  Schematic  diagram  of  a  model  research  combustor  for  LBO  studies. 
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Fig.  18.  Sequence  of  events  leading  to  LBO  as  observed  by  flame  visualization. 
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Fig.  19.  LBO  versus  LP  data  for  a  research  combustor. 


COMBUSTOR  LOADING 
NEAR  FLAMMABIUTY  LIMITS 


Fig.  20.  Effect  of  back  pressure  (outlet  blockage)  on  LBO. 
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Fig.  21.  Film  cooling  and  heat  transfer  test  facility. 


Fig.  22.  Jet  spread  for  various  blowing  ratios. 
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Fig.  23.  Growth  of  the  shear  layer  thickness  near  the  film  cooling  jet  exit. 
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Figure  3a.  Centerline  Effectiveness  at  M  «  0.6 


Fig.  24.  Film  cooling  effectiveness  with  downstream  distance  with  and  without  forcing. 
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Fig.  25.  Effect  of  free  stream  turbulence  and  forcing  on  heat  transfer. 
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In  a  Well  Stirred  Reactor 

J.  W.  Blust,  D.  R.  Ballal,  G.  J.  Sturgess 
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EMISSIONS  CHARACTERISTICS  OF  LIQUID  HYDROCARBONS  IN  A  WELL  STIRRED  REACTOR 


J.  W.  Blust*,  and  D.  R.  Ballal^ 

University  of  Dayton,  Dayton  OH 

G.  J.  Sturgess* 

Innovative  Scientific  Solutions,  Inc.,  Beavercreek  OH 


Abstract 

The  design  and  development  of  low- 
emissions,  lean  direct  injection  aero  and  lean  premixed 
industrial  gas  turbine  combustors  is  challenging 
because  of  a  need  to  satisfy  conflicting  requirements  of 
operability,  combustion  performance  and  low 
emissions.  A  toroidal  well  stirred  reactor  (WSR) 
provides  a  laboratory  idealization  of  an  efficient, 
highly  compact  primary  zone  of  a  gas  turbine 
combustor,  and  facilitates  the  study  of  combustion  and 
emissions.  The  WSR  was  used  to  study  lean  blow-out 
limits  and  emissions  from  a  variety  of  pure 
hydrocarbons.  In  particular,  effects  of  residence  time 
and  flame  temperature  on  lean  blow-out  limits,  NOx, 
CO  and  unbumed  hydrocarbon  emissions  were 
measured  from  normal  and  cyclic  alkanes,  aromatics 
and  a  blend  of  hydrocarbons.  Results  showed  that 
hydrocarbon  structure  plays  a  pivotal  role  in  the 
production  of  emissions,  and  in  determining  lean  blow¬ 
out  limits. 

Nomenclature 

A  =  Avagadro’s  number 

AFT  =  adiabatic  flame  temperature 

C  =  molecular  collision  factor 

(C/H)„oie=  carbon  to  hydrogen  mole  ratio 

CN  =  carbon  number 

E  =  activation  energy 

El  =  emissions  index  (g  emission/kg 

hydrocarbon) 

H  =  enthalpy 

h  =  Planck’s  constant 

LBO  =  lean  blow-out 

LHV  =  lower  heating  value  of  hydrocarbon  (J/kg) 

LP  =  loading  parameter  (g-mol/s*l*atm") 

M  =  molecular  weight  of  gas  mixture 

Me  =  Mach  number  at  exit  of  reactor  jet 
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P  =  pressure 
PSR  =  perfectly  stirred  reactor 
ppmw  =  parts  per  million  by  weight 
ppmV  =  parts  per  million  by  volume 
Q  =  mass  flow  rate  (g^sec) 

R  =  universal  gas  constant 

RID  =  residence  time  distribution 

S  s  thermocouple  surface  area 

As*  =  entropy  change  between  states  of  activated 

complex  and  initial  reactants 

T  =  temperature 

UHC  =  unbumed  hydrocarbons 

V  =  reactor  volume 

WSR  =  well  stirred  reactor 

X  =  mole  fiaction  of  specie 

<{1  =  equivalence  ratio 

q  =  efficiency 

p  =  density 

T  =  residence  time 

Subscripts 

cat  =  catalysis 

comb  s  combustion 

eb  =  eddy  breakup 

f  =  flame,  fuel 

in  =  inlet 

Jr  =  jet  ring 

o  =  oxygen 

tm  =  turbulent  mixing 

Superscripts 

n  =  apparent  reaction  order 

Introduction 

As  reconunended  by  the  1990  Federal  Clean 
Air  Act,  reduction  of  emissions  of  carbon  monoxide 
(CO),  unbumed  hydrocarbons  (UHC),  and  oxides  (rf 
nitrogen  (NOx)  is  necessary  for  aero-  and  land  based 
gas  turbine  engines.  Reduction  of  emissions  is 
challenging,  as  such  reductions  often  conflict  with 
concurrent  performance  requirements,  such  as 
efficiency,  pattern  factor,  relight,  part-load  capability 
(for  industrial  combustors),  and  operability 
requirements  such  as  combustion  stability  and  altitude 
relight  (for  aero  combustors).  Thus,  it  becomes 
necessary  to  examine  closely  the  fuels  used  by  gas 
turbine  engines  to  see  what  limitations  these  present  to 
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the  designers  of  cleaner  burning,  high  performance 
engines.  In  particular,  it  is  desirable  to  investigate  the 
effects  of  individual  hydrocarbon  components  in  a  gas 
turbine  fuel,  as  well  as  the  fuel  in  toto  (i.e.  jet  fuel  for 
aero  engines),  on  the  emissions  and  performance 
characteristics  of  the  engine  under  realistic  combustion 
conditions.  Additionally,  it  is  important  to  study  the 
effects  of  cracked  heavy  hydrocarbons  on  combustion 
performance  and  emissions.  As  a  result,  a  need  exists 
to  determine  the  mechanisms  responsible  for  the 
formation  of  pollutants  in  a  gas  turbine  combustor  as 
well  as  to  determine  the  lean  combustion  limits  of  jet 
fuels  and  jet  fuel  components  under  these  conditions. 
The  well  stirred  reactor  (WSR)  provides  a  means  to 
study  these  phenomena  in  a  well-controlled  laboratory 
combustor  configuration. 

A  promising  strategy  to  reduce  NOx,  CO  and 
UHC  from  gas  turbine  combustors  is  to  fully  vaporize 
the  fuel,  premix  it  with  air  and  then  bum  this  mixture 
fuel-lean.  In  support  of  this  approach,  experiments 
have  been  conducted  in  the  past  to  establish  the  limits 
that  might  be  achieved.  These  efforts  have  produced 
lean,  premixed,  prevaporized  (LPP)  combustors  (e.g. 
Marek  and  Papathakos';  Mularz^),  using  geometrically 
simple  hardware.  In  an  LPP  combustor,  conq)lete  fuel 
vaporization  and  fiiel-air  mixing  takes  place  prior  to 
chemical  reaction;  reaction  of  this  mixture  at  a  very 
lean  fuel-air  ratio  decreases  combustion  temperatures 
and  hence  reduces  the  formation  of  thermal  NO. 

The  referenced  experiments  were 
geometrically  axisymmetric,  and  were  aerodynamically 
one-dimensional  in  a  global  sense  while  being  three- 
dimensional  locally  at  the  perforated-plate 
flamehoiders  used.  While  aerodynamic  effects  ate 
minimized  in  such  combustor  configurations, 
nonetheless,  they  are  present  to  a  degree  (Sturgess^).  A 
perfectly  stirred  reactor  (PSR),  however,  is  a 
theoretical  reactor  that  is  zero-dimensional  with 
respect  to  reactant  concentration  and  temperature 
gradients.  This  homogeneity  allows  the  combustion 
behavior  to  be  uncoupled  from  any  aerodynamic 
effects.  Therefore,  in  the  present  investigation,  we 
have  supplied  a  toroidal  WSR  with  piemixed, 
prevaporized  liquid  hydrocarbons.  The  WSR  is  a 
laboratory  reactor  that  emulates  as  much  as  possible 
the  PSR  condition.  Thus,  we  have  gained  an 
understanding  of  the  CO,  UHC  and  NOx  emissions 
from  just  the  combustion  chemistry  of  these  fuels. 

It  should  be  noted  that  similar  research  using 
liquid  hydrocarbons  has  been  performed  previously  in 


various  stirred  reactor  configurations  (Brezinsky  et 
al.^;  Capehart  et  al.*;  Dagaut  et  al.‘;  Vaughn,  et  al.^ 
Zelina  et  al.*).  The  present  WSR  benefits  from 
previous  work,  and  offers  a  refined  test  vehicle  for  this 
purpose. 

Experimental  .Setup 
WSR  Test  Facility  and  Instnimentatinn 

A  250-ml  toroidal  WSR  of  Nenniger  et  al.*,  as 
modified  by  Zelina  and  Ballal'®,  was  used  for  this 
experiment  The  reactor  was  constructed  of  alumina 
cement,  and  featured  a  jet  ring  with  32  stainless  steel 
jets,  1  mm  I.D.,  to  inject  the  fiiel-air  mixture  at  high 
subsonic  velocity.  A  schematic  of  the  test  facility  and 
instrumentation  for  gaseous  fuels  is  shown  in  Fig.  1. 


Fig.  1:  WSR  test  facyity  and  associated 

instrumentation. 

The  Horiba  Emissions  Analyzers  comprised 
the  following  units:  Model  MPA-510  oxygen  analyzer 
(0  to  50  percent).  Model  FIA-510  total  hydrocarbon 
analyzer  (0  to  10,000  ppm  carbon).  Model  VIA-510 
CO  (0  to  20  percent)  and  CO2  (0  to  100  percent) 
analyzer,  and  Model  CLA-510  SS  NO  and  NOx 
analyzer  (0  to  2000  ppmV).  These  units  were 
calibrated  with  gases  of  the  following  concentrations: 
hydrocarbon  =  404  ppmV  propane,  NO  =  92  ppmV, 
NO2  =  1 .6  ppmV,  CO  =  0.4  percent,  O2  =  4.03  or  5.02 
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percent  and  CO2  =  11.06  percent.  Emissions  readings 
were  delivered  on  a  dry  basis,  with  water  scrubbed 
from  the  sample  gas  to  a  maximum  dew  point  of  5C. 
The  units  required  a  total  of  4  slpm  gas  sample,  with  a 
pressure  within  +10  cm  of  water  of  ambient. 

A  gas  sample  was  drawn  from  the  WSR  by  a 
water-cooled  stainless  steel  probe  (Blust  et  al.")  and 
pumped  into  each  unit  through  a  heated  sampling  line 
to  be  analyzed  for  the  various  product  species.  The 
stainless  steel  probe  used  in  this  experiment  featured  a 
small  inside  diameter,  which  resulted  in  a  pressure 
drop  when  hot  sample  was  drawn  from  the  reactor. 
The  subsequent  vacuum  necessitated  connecting  a 
single  speed  corrosion  resistant  pump  rated  12  slpm  to 
the  sampling  line. 

Hydrocarbon  speciation  at  LBO  conditions 
was  performed  by  collecting  sample  gas  in  a  Tedlar 
bag  and  directly  injecting  sample  into  a  gas 
chromatograph-flame  ionization  detector  (GC-FID, 
Hewlett-Packard  HP  5890  A).  Qualitative 

identifications  of  products  were  performed  by 
conq)aring  retention  times  of  unknown  analytes  to 
those  of  pure  compounds.  Relative  quantitation  was 
performed  by  analyzing  selected  standards.  Overall 
quantitation  was  estimated  by  comparing  total  response 
^m  the  GC-FID  to  the  values  measured  from  the  FIA- 
510  total  hydrocarbon  analyzer. 

Combustion  temperature,  Tf,  was  measured  1^ 
insertion  of  a  Type  B  thermocouple  (platinum-6% 
rhodium,  platinum-30%  rhodium)  into  the  toroidal 
volume.  This  thermocouple  was  coated  with  alumina 
ceramic  to  protect  the  thermocouple  from  its 
environment,  because  platinum-rhodium  alloys  are 
subject  to  high-temperature  contamination  that  can 
embrittle  the  alloy. 

Temperature  measurements  were  corrected  for 
heat  loss  by  radiation  and  conduction,  and  heat  gain  by 
convection  and  catalysis.  It  has  been  suggested  that 
reactions,  particularly  those  involving  a  third  body 
such  as  H,  OH  and  0-recombination,  occur  at  the  hot 
ceramic  surface.  The  exact  form  of  the  catalysis 
equation  needed  to  make  temperature  corrections  was 
unknown,  so  thermocouples  were  first  calibrated  by 
comparing  measurements  from  thermocouples  to  Tf 
measured  via  the  calorimetric  method,  which  utilized 
combustion  efficiency,  T|comb.  (ARP  1533'^)  and 
adiabatic  flame  temperature,  AFT,  to  calculate  the 
temperature  of  a  combustion  process.  Combustion 
efficiency  was  calculated  as  follows: 


Tlcomb=  1  ■  101090cO'Si)HC  (1) 

LHV  1000 

Combustion  temperature,  then,  was  as  follows: 

Tf  =  T|c<»mb(AFT  -  Tin)  +  Tin  (2) 

This  method  was  modified  to  account  for  measured 
reactor  heat  loss.  In  particular,  the  AFT  term  was 
corrected  for  heat  loss  using  a  curve-fit  of  heat  loss  as  a 
function  methane-air  <|).  In  turn,  a  relation  of  heat  loss 
as  a  function  of  Tf  of  any  fuel  was  created.  Finding  the 
proper  flame  temperature  to  substitute  for  AFT  in  Eq.  2 
requited  iteration,  but  these  formulae  converged 
quickly  to  yield  final  Tf. 

Once  the  temperature  of  the  flame  was 
calculated  via  the  calorimetric  method,  a  form  of  the 
catalysis  equation  evolved  that  forced  the  uncorrected 
measured  temperature  to  match  that  calculated  above. 
For  thermocouples  coated  with  alumina  ceramic,  this 
was: 


/ 

Hn„=928,(X)0Sexp  ■ 

I 


-11,000  ^ 
RT 

^^mcasured  y 


(3) 


where  S  is  thermocouple  surface  area.  Recombination 
reactions  have  low  (-  zero)  activation  energies.  That  a 
non-zero  E  was  calculated  suggests  that  a  barrier  to 
surface  catalysis  is  provided  by  the  ceramic.  Fig.  2 
shows  temperature  measurements  taken  via  the 
calorimetric  method  and  by  corrected  thermocouple 
measurements  for  several  fuels  at  t  =  7.3  msec. 


Fig.  2:  Reactor  temperature  versus  equivalence 
ratio  for  methane  (diamond),  ethylbenzene  (square), 
and  cyclohexane  (circle).  Solid  symbol  in^cates 
measurement  by  corrected  thermocouple,  hollow 
symbol  by  calorimetric  method. 
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The  WSR  was  operated  at  atmospheric 
pressure.  Air  and  gaseous  flow  rates  to  the  WSR  were 
measured  via  rotameters.  In  this  facility,  the  air 
rotameter  was  rated  at  0  to  600  slpm  and  fuel  rotameter 
at  0  to  58  slpm  range.  Additionally,  a  rotameter  was 
installed  to  meter  nozzle  air  for  deliveiy  to  an  air-blast 
atomizer  (see  below),  rated  at  0  to  180  slpm. 

A  vaporizer  was  built  to  prevaporize  liquid 
hydrocarbons,  mix  the  vaporized  hydrocarbon  with  air, 
and  then  supply  this  mixture  to  the  WSR.  A  schematic 
of  the  vaporizer  is  shown  in  Fig.  3.  The  vaporizer 
design  consisted  of  a  3  kW  air  heater  (Hotwatt), 
pressurized  fuel  tank,  vaporization  chamber,  various 
flowmeters,  nozzle  air  line,  safety  devices,  and  a  fuel 
atomization  nozzle.  Combustion  air  was  metered 
through  a  rotameter  and  passed  through  a  heater.  This 
air  was  heated  to  a  temperature  sufficient  to  vaporize  a 
hydrocarbon,  but  below  autoignition  temperature, 
measured  by  a  Type  K  (chromel-alumel)  thermocouple. 
This  hot  air  was  then  injected  into  the  vaporization 
chamber  perpendicular  to  the  hydrocarbon  mist  stream. 
This  established  a  recirculation  zone  in  the  vaporizer 
to  provide  additional  time  for  fuel  vaporization. 


Air-Blast 

Atomizing 

Nozzle 


Vaporizing 

Chamber 


y  Thermocouple 

y  Pressure 
Gage 


Liquid 

Gaseous 

Fuel 

Fuel 

wT*  A 

Fig.  3:  Vaporizer  system  for  study  of  liquid 
hydrocarbons. 

Liquid  hydrocarbons  were  contained  in  a  five- 
gallon  pressure  tank  charged  to  60  psig  with  nitrogen. 


Liquids  were  metered  by  a  rotary  flowmeter  (Model  E- 
15,  Miniflow  Systems,  Inc.)  and  flowrate  was  varied  ly 
adjusting  a  needle  valve.  Liquid  hydrocarbons  were 
injected  through  an  air-blast  atomizing  nozzle 
(Delavan  Model  30609-2)  into  the  high-temperature 
air  stream  in  the  vaporizer  chamber.  Vaporized 
hydrocarbons  and  air  were  transported  through  an 
insulated,  heated  line  to  the  WSR.  Also,  a  Type  K 
thermocouple  was  inserted  in  the  fuel/air  mixture  to 
monitor  inlet  temperature,  and  a  second  thermocouple 
was  placed  adjacent  to  the  WSR  jet  ring  to  monitor 
fuel/air  temperature  just  prior  to  injection  into  the 
reactor. 


Residence  time  in  the  vaporizer  was  greater 
than  1.2  sec  and  was  signiflcantly  greater  than  the 
vaporization  time  predicted  for  pure  hydrocarbons  (e.g. 
n-heptane  0.36  sec,  Ballal  and  Lefebvre'^). 
Additionally,  this  residence  time  provided  insufficient 
time  for  cracking  of  hydrocarbons  in  the  vaporizer 
(Stoffel  and  Reh'^*).  When  necessary,  liquids  were 
preheated  prior  to  atomization  via  a  copper  block 
heater  sandwiched  on  the  fuel  delivery  tube. 

Nomina]  reactor  residence  time,  t,  was 
obtained  via  the  following  formula: 

t=  PV  (4) 

(RM)TK3 

The  above  flow  conditions  permitted  the 
operation  of  the  reactor  over  the  range  of  equivalence 
ratios  <|»  =  0.43  to  0.88,  loading  parameter  LP  -  1  g- 
mol/s*l*atm'  ”  ,  residence  times  x  ~  5  to  8  ms  and 
reactor  temperatures  Tf  =  1350  to  2000  K. 
Hydrocarbons  available  for  study  in  the  WSR  included: 
methane,  ethane,  cyclohexane,  n-heptane,  n-dodecane, 
toluene,  ethylbenzene  and  a  gaseous  mix  of  15  percent 
methane,  25  percent  ethane,  60  percent  ethylene  by 
volume.  Gaseous  fuels  were  commercially  pure  grade, 
pure  hydrocarbon  liquids  were  spectroscopic  grade 
(99+  percent). 

Error  Analysis 

Gaseous  fuel  flow  was  monitored  to  within  +2 
percent  of  reading  using  a  Gilmont  rotameter.  Air 
flow  was  monitored  to  within  +2  percent  of  full  scale 
using  a  Brooks  rotameter.  The  combined  error 
produced  an  uncertainty  of  +3.5  percent  in  <|)  during 
combustion  of  methane  in  air.  Nozzle  air  was 
monitored  to  within  +2  percent  of  full  scale  using  a 
Gilmont  rotameter.  Liquid  hydrocarbons  were 
controlled  to  within  +0.3  g/min  by  the  liquid  fuel 
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delivery  system.  The  combined  error  produced  an 
uncertainty  of  +3.5  percent  during  combustion  of  a 
liquid  fuel  in  air.  The  Tf  measurements  were  accurate 
to  within  +30  K.  The  Horiba  emissions  analyzers 
quote  an  accuracy  to  within  1  percent  of  full  scale.  For 
these  WSR  experiments,  this  represented  an  error  of;  2 
ppmV  NOx,  50  ppmV  CO,  10  ppmV  carbon  for  UHC, 
0.25  percent  O2,  and  0.5  percent  CO2.  Residence  time, 
X,  was  typically  controllable  to  within  +0.6  ms. 
Additionally,  CO  measurements  were  repeatable  from 
day  to  day  within  +100  ppmV,  and  NOx  within  +1.5 
ppmV.  UHC  measurements  at  very  lean  conditions 
suffered  from  poor  repeatability  due  to  variance  in  the 
LBO  condition.  This  is  discussed  in  detail  in  the  CO 
and  UHC  measurements  subsection. 

Previous  work  (Blust  et  al.")  has  shown  that 
the  sampling  system  was  capable  of  retaining 
approximately  99  percent  of  the  CO  concentration 
simulated  to  be  the  WSR  product  concentration  at  0  = 
0.6,  X  =  7.0  ms. 

Test  Conditions 

The  test  matrix  shown  in  Table  1  was 
conducted  with  the  WSR.  Emissions  measurements 
were  performed  for  all  test  conditions  shown.  A  mix  of 
13  vol%  CH4,  22  vol%  C2H6,  52  vol%  C2H4,  13  vol% 
CtHb,  CN  =  2.52,  (C/H)nioie  =  0.5081  was  selected  as 
simulant  for  heavy,  aromatic-containing  fuels  that  are 


cracked  using  thermal  or  catalytic  processes  into  light 
fractions  with  residual  light  aromatics.  Additionally, 
several  of  the  leanest  conditions  shown  represented 
LBO,  at  which  point  bag  sample  emissions  data  were 
collected.  This  will  be  discussed  in  detail  in  later 
sections. 

The  Well  Stirred  Condition 
In  order  for  the  WSR  to  be  well  mixed,  the 
reactor  must  be  both  micromixed  and  macromixed. 
For  microiruxing  to  be  successful,  the  turbulent  mixing 
time  of  the  combustion  gas,  t«„  must  be  less  than  the 
order  of  the  fastest  reactions  occurring  in  the  process. 
The  turbulent  mixing  time  in  the  reactor  was 
calculated  via  turbulent  theory  (Nenniger’^;  Zelina  and 
Ballal'*)  and  compared  to  the  reaction  rate  orders  for 
methane  at  1  atm  estimated  by  Getz  and  Zabamick*’. 
Methane-air  combustion  at  x  =  6.0  msec,  Tf  =  1747  K, 
<|)  =  0.7,  P  =  1  atm  represents  typical  combustion 
conditions,  during  which  Xm  =  19  jisec.  At  similar 
conditions  hydrocarbon  reduction  time  is  -  10  |isec, 
CO  oxidation  time  is  -  500  psec,  and  NOx  formation 
time  is  -  20  msec.  Accordingly,  the  WSR  was  perhaps 
not  well  mixed  with  respect  to  the  initial  reduction 
reactions  of  hydrocarbons,  but  was  sufficiently  well 
mixed  for  the  oxidation  reactions^  that  subsequently 
occurred  in  the  reactor. 


Table  1;  WSR  Test  Matrix 


Hydrocarbon 

x(msec) 

Tf„,i„(K) 

Tr™,  (K) 

Methane 

7.3 

0.55 

0.88 

1507 

1967 

6.32 

0.59 

0.83 

1517 

1918 

Ethane 

7.26 

0.48 

0.84 

1407 

1996 

7.47 

0.48 

0.82 

1429 

1981 

5.22 

0.51 

0.78 

1536 

1922 

n-Heptane 

7.19 

0.53 

0.84 

1517 

1975 

5.49 

0.54 

0.81 

1595 

1974 

Toluene 

7.32 

0.46 

6.79 

1499 

1946 

5.35 

0.5 

0.78 

1552 

1936 

7.43 

0.48 

0.76 

1478 

1958 

5.33 

0.49 

0.67 

1546 

1839 

13  vol%  Methane, 

22  vol%  Ethane, 

52  vol%  Ethylene, 

13  vol%  Toluene 

6.75 

0.49 

^0.77 

1530 

2007 

5.17 

0.46 

0.76 

1391 

1969 

n-Dodecane 

7.39 

0.46 

0.8 

1357 

1979 

5.2 

0.55 

0.79 

1581 

1983 
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Successful  macromixing  necessitates  the  WSR 
having  the  proper  residence  time  distribution  (RID) 
and  spatial  homogeneity  of  species  and  temperature.’ 
To  test  RTD,  Calo,  et  al.*®  injected  various  pulse  times 
and  concentrations  of  krypton  tracer  into  the  WSR  jet 
ring  during  methane-air  combustion  (x  =  1 1.6  msec,  Tf 
-  1754  K,  (j)  =  0.7,  P  =  1  atm).  Krypton  concentration 
versus  time  for  each  pulse  was  monitored  by  a  free-Jet, 
molecular  beam  mass  spectrometer  (Ballenthin,  et 
al.  )  pulling  sample  from  the  WSR  through  an  air¬ 
cooled  quartz  probe.  A  significant  amount  of  pulse 
dispersion  occurred  in  the  jet  ring,  and  this  had  to  be 
accounted  for  prior  to  examining  the  reactor  RTD. 
Ultimately,  it  was  found  that  the  measured  RTD, 
adjusted  for  jet  ring  dispersion,  exhibited  the 
exponential  growth  and  decay  patterns  typical  of  an 
inert  pulse  tracer  in  a  stirred  reactor.  Spatial 
homogeneity  was  previously  demonstrated  by  Zelina” 
Maximum  detected  variabilities  were:  Tf  =  +25  K, 
NOx  =  +2.5  ppmV,  CO  =  +90  ppmV.  These 
variabilities  were  approximately  the  same  as  the  day  to 
day  repeatability  in  the  WSR  system,  and  may  account 
for  the  repeatability  limits.  Thus,  the  WSR  was 
successfully  macromixed. 

Calculations 

To  anchor  the  present  results  the  methane 
experimental  data  were  compared  to  calculations  for  a 
PSR  using  the  GRI.  2.1  reaction  mechanism.  The 
algorithm  used  for  the  solution  of  a  system  of  non¬ 
linear,  stiff,  ordinary  differential  kinetics  equations  is 
CREK  (Pratt  and  Wormeck^').  This  algorithm  is 
inco^orated  in  a  reactor  network  code  (Pratt  and 

Pratt  ).  The  calculations  and  measurements  for  NOx, 

CO,  CO2,  O2,  and  H2O  vapor  were  in  close  agreement. 
This  agreement  commented  favorably  on  the  high 
degree  of  mixing  attained  in  the  WSR,  and  successful 
operation  of  the  sampling  and  temperature 
measurement  systems. 

Results  and  Discussion 

Often,  emissions  concentrations  are  expressed 
by  emissions  index,  EL  For  El  calculation,  all  UHC  is 
treated  as  methane,  and  NOx  as  NO2.  All  emissions 
are  stated  on  dry  basis. 

Temperature  Measurements 

Measured  Tf  (via  thermocouple)  is  plotted 
against  (j)  for  several  hydrocarbons  at  x  -  7.3  ms  in  Fig. 

4.  Also  plotted  are  the  equilibrium  flame  temperatures 


versus  (j)  (Gordon  and  McBride^^).  Two  observations 
were  made  with  respect  to  this  figure. 

(i)  Measured  temperatures  for  a  specific 

hydrocarbon  never  reach  the  corresponding 

equilibrium  flame  temperature  because  the  reactor 
residence  time  was  short  enough  that  the  products  did 
not  reach  their  equilibrium  concentrations.  Observed 
flcomb  was  less  than  equilibrium  T|comb  and  measured  Tf 
was  lower  than  equilibrium  flame  temperature. 

Additionally,  the  WSR  was  not  adiabatic.  Heat  loss  of 
3  to  5  percent  was  typical. 

(ii)  The  measured  temperature  curves 

were  concave  down,  with  the  measured  temperature 
departing  the  equilibrium  line  more  at  low  and  high  <|) 
than  in  the  middle.  This  reflected  changes  in  flcomb  for 
each  hydrocarbon  with  respect  to  (j). 

Lean  Blow-Out 

In  aero  and  industrial  combustors,  flame 

stabilization  is  essential  to  combustor  performance  and 
safety.  Combustion  must  be  sustained  over  a  wide 
ranp  of  operaUng  conditions,  and  so  it  is  essential  to 
designers  to  know  the  stability  limits  of  a  fuel  under 
realistic  conditions.  In  practical  combustors  stability  is 
provided  by  the  primary  zone.  It  has  been  proposed 
(Avery  and  Hart^^  Bragg“;  Childs")  that  the  primary 
zone  of  a  gas  turbine  combustor  could  be  modeled  as  a 
stirred  reactor.  To  tlus  end  the  WSR  was  used  as  a 
flameholder  to  maintain  lean  combustion  and  measure 
the  LBO  limits  of  fuels. 

Defining  unstable  combustion  and  LBO  limit 
in  the  WSR  was  difficult.  No  optical  access  was 
provided  by  the  toroidal  design,  so  temperature  was 
used  as  the  primary  method  of  detecting  LBO.  In 
particular  for  this  experiment,  LBO  was  defined  as  the 
condition  characterized  by  a  rapid,  large  magnitude 
drop  in  temperature,  and  preceded  by  substantial 
increase  in  UHC  and  noise,  as  <|>  was  decreased  while 
maintaining  constant  x. 

At  LBO,  it  was  of  interest  to  measure  Tf,  <|),  El 

UHC,  and  flow  rates  of  reactants  and  thus  to 
calculate  Ticomb  and  loading  parameter  (LP).  Loading 
parameter  is  an  expression  of  the  maximum  heat 
release  capability  of  a  fuel  per  volume  of  reactor  and 
pressure  to  the  n-th  power.  LBO  ^  from  several 
hydrocarbons  are  plotted  against  LP  in  Fig.  5. 
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Fig.  4:  Reactor  temperature  versos  equivalence  ratio  for  several  hydrocarbons  at  nominal  residence  time  73 
msec:  methane  (black  diamond),  ethane  (gray  circle),  cyclohexane  (black  circle),  n*heptane  (black  triangle), 
n>dodecane  (gray  diamond),  toluene  (X),  ethylbenzene  (gray  square),  cracked  fuel  simulant  (+).  Also  shown 
(hollow  symbols)  are  equilibrium  methane,  cyclohexane,  and  etoylbenzene  (Gordon  and  McBride”) . 
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Fig.  5:  Equivalence  ratio  versus  loading  parameter  at  LBO  for  several  hydrocarbons:  methane  (black 
diamond),  ethane  (gray  circle),  cyclohexane  (black  circle),  n-dodecane  (gray  diamond),  toluene  (X),  cracked 
fuel  simulant  (+).  Also  shown  (dotted  lines)  are  calculated  methane  and  ethane  stability  loops. 


American  Institute  of  Aeronautics  and  Astronautics 

49 


When  available,  LBO  limits  for  each 
hydrocarbon  as  measured  in  a  vertical  glass  tube 
experiment  (Lefebvre^’,  except  cyclohexane  from 
Lewis  and  von  Elbe^*)  are  included  in  this  figure,  with 
these  lean  limits  modiEed  for  Tin  by  the  Burgess- 
Wheeler  law  (Lefebvre”).  In  this  formula,  measured 
jet  ring  temperature  Tj,  was  substituted  for  Ti„  to  give 
the  following  form: 


LP  = 


-^  =  exp 

f  ^  1 

Cx^x^ 

VP"  ^ 

iRTfJ 

TJ“ncomb<l>R'’^ 

Thus, 


E  =  RTfln 


Cx?”x 


1.75 


(6c) 


(6d) 


LBO  (percent  V  in  air) 

-LBO  '■  '>75nV-298) 

-  lJ5U29gK' - 


L  LB029gK  LHV(kcal  /  mol) 


(5) 


Flow  of  reactants  in  the  glass  tube  was  zero,  so  the  LP 
of  these  LBO  limits  was  zero. 


LBO  equivalence  ratios  from  the  vertical  tube 
experiment  were  comparable  to  LBO  equivalence  ratios 
as  measured  in  the  WSR  for  most  hydrocarbons, 
methane  being  an  exception.  This  indicated  that 
methane,  for  instance,  possesses  a  significantly 
different  stability  loop  from  ethane,  cyclohexane  and 
toluene.  To  demonstrate  this,  the  calculated  stability 
loops  of  methane  and  ethane  are  also  plotted  on  Fig.  5. 


Entropy  of  the  activated  complex  in  Eq.  (6b)  was  found 
by  applying  a  quantity  of  energy  equal  to  E  to  the 
energy  of  reactants  and  evaluating  entropy  at  this 
condition.  Thus,  to  calculate  C  and  E  required 
iteration  between  Eqs.  (6b)  and  (6d).  The  stability 
curves  in  Fig.  5,  then,  were  generated  by  varying  <j»  in 
Eq.  (6c),  using  the  measured  Tf  for  each  (|>,  including 
non  blow-out  conditions,  but  using  Ticmb  corresponding 
to  that  measured  at  LBO. 

Using  the  above  analysis,  for  methane  E  =  52 
kcal/mole  and  C  =  9.4*10'^  K'^^sec  *;  for  ethane  E  =  49 
kcal/mole  and  C  =  1.3*10'®  K"^sec  '.  Note  that  the 
activation  energy  calculated  for  methane  is  much 
greater  than  that  calculated  for  surface  catalysis,  Eq 
(3). 


Stability  theory  has  been  described  in  detail 
elsewhere  (Lefebvte”;  Zelina^'').  In  this  theory,  the 
rate  of  reaction  between  fuel  and  air  is  expressed  by  the 
material  balance  equation: 

T1comb<W  =  CVTf''^exp(-E/RTf)p"xf'\,'^'"  (6a) 

where  n  =  1.75,  m  =  0.75,  x  is  the  mole  fraction  of  fuel 
or  air  and  C  is  the  molecular  collision  factor  calculated 
as  follows  (Kanury^’): 


where  h  is  Planck’s  constant,  A  is  Avagadro’s  number, 
and  As*  is  the  entropy  change  between  the  states  of 
activated  complex  and  initial  reactants.  For  lean 
mixtures,  Eq.  (6a)  is  written  as: 


It  is  important  to  note,  however,  that  LBO  is  a 
soft”  limit;  that  is,  a  great  amount  of  hysteresis  exists 
in  the  limit.  If  LBO  is  attempted  after  the  reactor  has 
been  burned  very  hot,  the  mixture  is  capable  of  burning 
at  leaner  conditions  than  if  the  limit  is  approached 
from  a  cooler  operating  condition.  A  variance  in  Tj,  of 
±50  K  has  been  measured,  depending  on  the 
temperature  at  which  the  reactor  is  run,  and  for  how 
long  that  condition  is  sustained.  Using  Eq.  (4),  this 
corresponds  to  an  uncertainty  in  the  LBO  ^  of  ±0.02. 

CO?  and  O?  Measurements 

In  a  WSR  operating  in  the  stable  mode,  CO2 
concentration  should  peak  and  oxygen  concentration 
should  drop  to  near  zero  at  stoichiometric  equivalence 
ratio.  Fig.  6  shows  measured  CO2  and  O2 
concentrations  (vol%)  as  a  function  of  equivalence 
ratio  from  several  hydrocarbons.  Also  plotted  are 
calculated  equilibrium  values  for  cyclohexane-air 
combustion.  As  expected,  CO2  increased  and  O2 
decreased  as  (|>  approached  unity. 
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Fig.  6;  CO2  and  O2  concentration  versus  equivalence  ratio  for  several  hydrocarbons  at  nominal  residence 
time  7  J  msec:  methane  (black  diamond),  ethane  (gray  circle),  cyclohexane  (black  circle),  n-dodecane  (gray 
diamond),  toluene  (X),  cracked  fuel  simulant  (+).  Also  shown  (hollow  circle)  is  equilibrium  cydohexane 
(Gordon  and  McBride^ . 

CO  and  UHC  Measurements 

CO  and  UHC  emissions  are  important  because 
they  also  represent  a  direct  measure  of  combustion 
inefficiency  (see  Eq.  (1)).  If  the  combustion  zone 
operates  fuel-rich,  has  inadequate  mixing,  or  is 
quenched  by  cold  air,  large  quantities  of  CO  (which  is 
relatively  resistant  to  oxidation)  will  be  emitted  due  to 
the  lack  of  oxygen  needed  to  complete  the  reaction  to 
CO2,  or  insufficient  time  being  provided  for  CO  to  be 
oxidized.  UHC  emissions  include  fuel  which  emerges 
from  the  combustor  exit  in  the  form  of  condensate  or 
vapor,  and  the  products  of  the  thermal  degradation  of 
the  parent  fuel  into  species  of  lower  molecular  weight, 
such  as  methane,  acetylene,  ethylene  and  propylene. 

UHC  emissions  are  associated  with  poor  atomization, 
inaHpqiiatR  burning  rates,  insufficent  residence  time 
and  premature  quenching.  Thus,  it  is  desirable  to  find 
combustor  operating  conditions  that  minimize  the 
emission  of  CO  and  UHC,  and  therefore  maximize 
combustion  efficiency. 

Clearly,  operating  the  WSR  fuel-rich  will 
produce  great  amounts  of  CO  and  UHC.  Although  rich 
combustion  is  interesting  for  studying  reaction 
chemistry,  it  is  not  interesting  from  an  engine 
standpoint  unless  a  lean  afterburning  approach  is  taken 
(as  in  a  Rich,  Quench,  Lean  combustor).  This  paper 
will  focus,  then,  on  lean  combustion,  and  locating 
operating  conditions  that  minimize  CO  and  UHC 
production. 


Rg.  7  shows  emissions  index  of  CO  from 
several  hydrocarbons  at  several  Tf  plotted  as  a  function 
of  carbon  number  at  residence  time  of  7.3  ms.  Alkanes 
and  aromatics  are  plotted  separately,  and  cracked  fuel 
simulant  is  treated  as  an  allmne.  All  hydrocarbons  in 
general  exhibited  a  U-shaped  trend  in  CO  production. 
As  temperature  increased,  CO  concentration  first 
decreased  as  reaction  rate  of  CO  consumption 
increased.  A  minimum  of  CO  was  reached,  then  CO 
increased  as  temperature  increased.  This  increase  was 
due  to  an  increased  rate  of  CO2  dissociation. 

As  shown  in  Fig.  7,  alkanes,  sans  methane, 
displayed  a  slight  increase  in  CO  as  carbon  number 
increased.  This  increase  was  modest,  and  discontinued 
for  CN  >  7  (depending  on  the  temperature  this  trend 
was  occasionally  reversed  for  CN  >  7).  Increasing 
molecular  weight  from  one  heavy  alkane  to  another 
(i.e.  from  n-heptane  to  n-dodecane)  did  not  result  in 
increase  in  CO.  Aromatics  showed  a  revene  trend 
fiom  alkanes,  with  a  decrease  in  CO  being  observed  in 
general  as  CN  increased  from  7  to  8.  Rnally,  methane 
produced  more  CO  than  all  other  hydrocarbons 
investigated.  This  distinction  for  methane  is  somewhat 
artificial  due  to  the  definition  of  emissions  index.  By 
ppmV,  CO  in  the  sample  from  methane  is  not  so  high. 
However,  the  low  molecular  weight  of  methane  biases 
the  El  high. 
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Fig,  7:  Emissions  indices  of  CO  versus  carbon  number  for  several  hydrocarbons  at  nominal  residence  time 
73  msec  at  several  temperatures:  1550  K  (diamond),  1600  K  (square),  1650  K  (triangle),  1700  K  (X),  1750 
K  (star),  1800  K  (dash),  1850  K  (+),  1900  K  (black  circle).  Also  shown  (hollow  circle)  is  equUibrium 
cyclohexane  at  1900  K  (Gordon  and  McBride^) . 


Also  shown  in  Fig.  7  is  the  corresponding 
equilibrium  concentration  of  CO  from  cyclohexane  at 
1900  K.  As  shown,  measured  CO  values  were  much 
higher  than  equilibrium  because  reactor  residence  time 
was  less  than  the  time  required  for  oxidation  of  CO. 
The  CO  concentration  from  equilibrium  calculations 
increased  at  high  temperatures  due  to  CO2  dissociation, 
and  this  was  also  observed  in  the  measured  CO 
concentrations. 

The  slow  oxidation  of  CO  suggests  that 
changing  residence  time  in  the  reactor  will  affect  the 
measured  CO.  Fig.  8  shows  profiles  of  CO  (ppmV) 
versus  Tf  from  several  hydrocarbons  at  7.3  and  5.3 
msec  residence  times  (methane  x  =  7.3  or  6.3  msec). 
As  shown,  decreasing  residence  time  increased  CO. 
Also,  at  higher  temperatures  the  longer  and  shorter 
residence  time  CO  profiles  tended  to  converge, 
indicating  that  the  CO2  dissociation  rate  proceeded 
faster  than  the  CO  oxidation  under  these  conditions.  A 
similar  trend  of  decreasing  CO  with  increased 
residence  time  was  found  by  Steele^®. 

However,  it  must  be  noted  that  temperature 
produces  the  greatest  effect  on  CO  production  from 
fuels.  Thus,  it  is  important  to  find  at  what  temperature 
the  minimum  amount  of  CO  is  produced  from  each 


hydrocarbon,  and  to  find  a  predictive  method  to 
finding  the  temperature  for  minimal  CO  production 
from  any  fuel.  Because  liquid  hydrocarbons  are 
preheated  more  than  gaseous  fiiels,  Fig.  9  shows  the 
temperature  at  which  CO  minima  occur  corrected  for 
preheat  versus  carbon  number  of  each  hydrocarbon. 
This  correction  was  made  as  follows: 

Tcor«ct  =  Tf.(Ti„-  296)  (7) 

This  figure  shows  that  as  the  carbon  number  of  the  fuel 
was  increased  the  temperature  at  which  CO  minima 
occur  decreased.  Also,  the  figure  shows  that  the  rule 
applied  to  alkanes  and  aromatics,  with  cracked  fuel 
simulant  classified  as  an  alkane.  Within  the 
uncertainty  of  Tf,  all  the  data  points  in  Fig.  9  can  be 
approximated  together  as  a  line  of  the  following  form: 

Tco  min  correct  “  ”  11.35*CN+1713  (8) 

Caution  should  be  exercised  in  generalizing  results  of 
Eq.  (8)  to  all  combustors.  The  WSR  represents  a 
system  with  excellent  mixing  and  minimal  wall 
quenching  and  heat  loss.  A  system  with  cold  walls,  for 
instance,  would  display  a  CO  minimum  at  higher 
temperature  than  when  the  walls  are  hot.  Also,  Eq.  (8) 
was  derived  from  x  ~  7.3  msec  data.  Reducing 
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Fig.  8:  CO  versus  reactor  temperature.  For  methane  (square),  nominal  residence  time  is  7.3  msec  (solid 
symbol)  or  63  msec  (hollow  symbol).  For  n-dodecane  (diamond),  and  toluene  (triangle),  nominal  residence 
time  is  73  msec  (soUd  symbol)  or  53  msec  (hollow  symbol). 


Fig.  9:  Corrected  temperatures  of  CO  emissions  index  minima  versus  carbon  number  of  hydrocarbon  for 
alkanes  (diamond)  and  aromatics  (square).  Also  included  (dotted  line)  is  calculated  relation  of  CO  minima 
to  carbon  number,  Eq.  (8). 
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residence  time  tends  to  increase  the  temperature  at 
which  minima  occur. 

Fig.  10  shows  emissions  index  of  UHC  from 
several  hydrocarbons  at  several  Tf  plotted  as  a  function 
of  carbon  number  at  residence  time  of  7.3  msec.  All 
hydrocarbons  in  general  produced  only  trace  quantities 
of  UHC  at  temperatures  above  1600  K  (for  (|)<  1).  At 
Tf  <  1600  K,  however,  a  rapid  increase  in  UHC 
occurred,  suggesting  the  reactants  were  approaching 
LBO,  and  insufficient  residence  time  existed  for 
complete  oxidation  at  these  lower  temperatures. 

As  shown  in  Fig.  10,  alkanes  showed  a  rapid 
decrease,  then  modest  increase  in  UHC  as  carbon 
number  increased.  High  UHC  of  methane  reflected  the 
hydrocarbons’s  narrow  stability  loop  (see  Lean  Blow- 
Out),  with  ethane  behaving  more  like  other  alkanes. 
Toluene  produced  more  UHC  at  a  given  temperature 
than  other  hydrocarbons  besides  methane,  suggesting 
that  this  hydrocarbon  did  not  oxidize  rapidly  at  low 
temperature.  Conversely,  ethylbenzene  produced  UHC 
more  equivalent  to  alkanes  of  the  same  carbon  number. 

Equilibrium  calculations  predicted  no  UHC  in 
the  sample,  and  for  Tf  >  1600  K,  this  was  also  observed 
in  the  WSR.  However,  at  lower  temperatures  complete 
oxidation  proceeded  slowly,  and  the  residence  time  was 


less  than  required  to  approach  equilibrium.  The  slow 
oxidation  of  fuel  at  low  temperatures  suggests  that 
change  in  residence  time  while  Tf  <  1600  K  will  affect 
measured  UHC.  Fig.  11  shows  profiles  of  UHC 
(ppmC)  versus  Tf  from  methane  at  7.3  and  6.3  msec 
residence  times,  and  cyclohexane  at  7.5  and  5.2  msec 
residence  times.  As  with  CO,  decreasing  residence 
time  increased  UHC. 

Composition  of  UHC  at  LBO  from  several 
hydrocarbons  is  compared  in  Table  2.  That  ethylene 
was  the  major  component  of  UHC  from  lean  alkane 
combustion  is  not  surprising.  Literature  has  suggested 
that  ethylene  is  the  most  abundant  intermediate 
hydrocarbon  product  from  n-heptane  (Maurice^’),  and 
the  mechanisms  for  combustion  of  other  alkanes  are 
similar.  Conversely,  acetylene  was  the  most  abundant 
UHC  component  from  toluene.  Acetylene  is  a  product 
of  the  decomposition  of  benzene,  which  itself  is  a 
common  product  of  the  decomposition  of  toluene.  As  a 
result,  trace  amounts  of  C6  were  also  identified  in  the 
UHC  mixture  from  toluene.  The  cracked  fuel  simulant 
behaved  more  like  an  alkane  than  aromatic  with  regard 
to  components  in  the  UHC  mixture.  Also,  the  UHC 
species  from  all  hydrocarbons  in  general  were  less 
saturated  and  of  lower  molecular  weight  than  the 
parent  fuel. 


Fig.  10;  Emissions  indices  of  UHC  versus  carbon  number  for  several  hydrocarbons  at  nominal  residence 
time  of  7  J  msec  at  several  temperatures:  1450  K  (X),  1500  K  (square),  1550  K  (triangle),  1600  K  (diamond). 
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Fig.  11:  UHC  versus  reactor  temperature.  For  methane  (square),  nominal  residence  time  is  7J  msec  (solid 
symbol)  or  63  msec  (hollow  symbol).  For  cyclohexane  (diamond),  nominal  residence  time  is  73  msec  (solid 
symbol)  or  52  msec  (hoUow  symbol). 
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As  previously  mentioned,  hysteresis  occurred 
in  LBO  <|)  in  the  reactor.  As  a  consequence  of  this, 
UHC  measurements  suffer  from  a  great  amount  of 
uncertainty  at  LBO.  A  difference  in  (t>  of  +0.02  near 
blow-out  can  result  in  an  order  of  magnitude  difference 
in  UHC  concentration. 

NOy  Measurements 

In  the  study  of  NOx  emissions,  the  formation 
of  species  such  as  NO  and  NO2  is  a  complex  function 
of  temperature,  residence  time,  equivalence  ratio,  and 
detailed  chemical  kinetics,  a  better  understanding  of 
which  would  help  designers  of  combustion  devices  to 


limit  NOx  production  without  compromising 
combustion  efficiency.  An  understanding  of  the 
chemical  pathways  responsible  for  NOx  production  in  a 
combustion  environment  with  heavy  hydrocarbons  is 
becoming  possible.  The  relative  roles  of  the  thermal 
NO  (Zeldovich)  mechanism,  super-equilibrium  effects, 
prompt  NO  mechanism,  N2O  mechanism,  and  fuel 
nitrogen  mechanisms  are  suggested  by  other 
researchers  for  some  fuels  (Capehart  et  al.*;  Nicol”; 
Steele’®).  The  present  work  is  an  extension  and 
verification  of  these  earlier  efforts. 
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Emissions  indices  of  NOx  versus  Tf  from 
several  hydrocarbons  at  nominal  residence  time  of  7  3 
msec  are  plotted  in  Fig.  12.  Equilibrium  NOx 
concentrations  were  not  shown  because  NOx  chemistry 
IS  slow  and  insufficient  residence  time  is  generally 
available  in  the  WSR  to  allow  NOx  concentration  to 
approach  equilibrium  values.  NOx  emissions  from  all 
hydrocarbons  exhibited  the  same  basic  trend.  As 
temperature  increased,  a  slight  decrease  in  NOx 
emissions  was  detected.  Elevated  NOx  at  near  blow¬ 
out  conditions  was  in  general  attributed  to  the  N2O 
mechanism.  Then,  NOx  increased  as  temperature 
increased,  first  gradually,  then  rapidly  for  Tf  >  1800  K. 
pus  response  was  generally  attributed  to  the  Extended 
Zeldovich  NO  mechanism. 

Below  1800  K,  the  curves  overlapped  enough 
to  be  indistinguishable  from  one  another.  For  Tf  > 
1800  K,  though,  the  NOx  emissions  rapidly  increase 
with  increasing  Tf.  At  the  high  Tf  regime,  normal 
paraffins  in  general  produced  less  NOx  than  aromatics 
and  cyclohexane.  Cracked  fuel  simulant  produced 
more  NOx  than  other  hydrocarbons. 

The  slow  formation  rate  of  NOx  suggests  that 
changing  residence  time  in  the  reactor  will  affect  the 


measured  NOx.  Fig.  13  shows  profiles  of  NOx  (ppmV) 
versus  Tf  from  several  hydrocarbons  at  7.3  and  5  3 
msec  residence  times.  As  shown,  increasing  residence 
time  increased  NOx.  Capehart^^  has  suggested  a  linear 
mcrease  in  NOx  with  time.  For  n-dodecane,  this 
formula  is  shown  in  Eq.  (9) 


NOv  = 


(9) 


Data  to  suggest  E  and  k  of  Eq.  (9)  were  acquired  in  a 
jet-stirred  reactor  of  t  -  3.3  msec,  and  extrapolation  of 
this  work  to  5.3  msec  proved  satisfactory,  as  shown  in 
Fig.  13.  However,  Eq.  (9)  estimated  high  compared  to 
measured  Npx  at  x  =  7.3  msec.  The  present  work 
suggests  the  following  equation  for  n-dodecane: 


NOx  = 


/ -22,100^ 
A  T  J 


(10) 


A  rehtion  of  residence  time  to  NOx  emissions  is 
suggested  in  Eq.  (10)  for  n-dodecane,  the  results  of 
which  are  shown  in  Fig.  13. 
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Fig.  13:  NOx  versus  reactor  temperature.  For  methane  (square),  nominal  residence  time  is  13  msec  (solid 
symbol)  or  6.3  msec  (hollow  ^mbol).  For  n-dodecane  (diamond),  and  toluene  (triangle),  nominal  residence 
time  is  13  msec  (solid  ^bol)  or  S3  msec  (hollow  symbol).  Also  included  (dotted  line)  are  estimates  for  n- 
dodecane  by  Capehart^^  for  73  msec  (+),  53  msec  (star)  and  estimates  (Eq.  (10))  for  73  msec  (X)  and  53 
msec  (dash). 


Researchers  (Bahr^"*;  Zelina  et  al.*)  have 
previously  suggested  that  NOx  increases  with  increase 
in  (C/H)  mole  ratio.  In  the  present  work,  El  NOx  from 
several  hydrocarbons  at  Tf  =  1800  K  and  1950  K  were 
plotted  vs.  (C!/H)  mole  ratio,  with  alkanes  and 
aromatics  plotted  separately.  Fig.  14  shows  the  result. 
Scatter  existed  in  the  trends,  but  the  hydrocarbons 
exhibit  a  general  increase  in  El  NOx  as  (C/H)  mole 
ratio  increased.  Further,  the  trend  became  more 
apparent  at  higher  temperature.  This  evidence 
suggests  that  designers  should  be  concerned  about  the 
effect  decreasing  hydrogen  content  in  a  fuel  could  have 
on  NOx  emissions  from  combustors. 

Conclusions 

A  toroidal  WSR  which  represents  a  laboratory 
idealization  of  an  efficient,  highly  compact  primary 
zone  of  a  gas  turbine  combustor  was  used  to  study  lean 
blow-out  limits  and  emissions  from  several  pure 
hydrocarbons.  A  number  of  conclusions  were  drawn 
from  the  present  work: 


Fig.  14:  Emissions  indices  of  NOx  versus  (C/H) 
mole  ratio  of  hydrocarbon  for  alkanes  (diamond) 
and  aromatics  (square)  at  1800  K  (solid  symbol)  and 
1950  K  (hollow  symbol). 

1.  All  hydrocarbons  except  methane  showed  lean 
limits  of  (t»  -  0.47  with  LP  ~  1  g-mol/s*l*atm''^® 
(methane  LBO  was  (|)  -  0.55  at  similar  LP).  Global 
activation  energies  and  collision  factors  were 
calculated  via  stability  theory  to  be  E  =  52  kcal/mole 
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and  C  =  9.4*10'''  K^^sec  '  for  methane;  E  =  49 
kcal/moie  and  C  =  1.3*10'*  K'^^sec  '  for  ethane. 

2.  Hydrocarbons  of  different  structure  and 
carbon  number  produced  different  amounts  of  CO  at 
the  same  temperature  and  residence  time.  To  a  limited 
degree,  alkanes  produced  more  CO  as  carbon  number 
increased.  This  ceased  to  be  true  for  CN  >  7,  nor  was 
this  true  for  methane,  which  produced  high  El  of  CO 
due  to  the  hydrocarbon’s  low  molecular  weight. 
Toluene  produced  more  CO  than  ethylbenzene;  the 
latter  behaved  more  as  an  alkane  than  as  toluene. 

3.  Reactor  residence  time  affected  CO 
production.  In  general,  increasing  residence  time 
decreased  the  production  of  CO.  Additional  time 
enabled  CO  to  be  more  completely  oxidized.  At  Tf  > 
1850  K,  CO  from  longer  and  shorter  residence  time 
experiments  tended  to  converge,  indicating  that  CO2 
dissociation  reactions  were  competing  with  the 
oxidation  of  CO. 

4.  A  linear  relationship  was  found  for  the 
temperature  at  which  CO  approaches  minimum 
production  versus  the  carbon  number  of  the  fuel.  This 
relationship  was  consistent  for  alkanes  and  aromatics. 


8.  Increasing  residence  time  increased  NOx 
production.  A  square  root  relationship  of  NOx 
production  versus  residence  time  was  suggested  for  n- 
dc^ecane.  Additionally,  a  modest  increase  in  NOx 
with  an  increase  in  the  (C/H)  mole  ratio  was  detected 
for  several  hydrocarbons. 
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The  design  and  development  of  low-emissions,  lean  premixed  aero  or  industrial  gas 
turbine  combustors  is  very  challenging  because  it  entails  many  compromises.  To 
satisfy  the  projected  CO  and  NO^  emissions  regulations  without  relaxing  the  conflict¬ 
ing  requirements  of  combustion  stability,  efficiency,  pattern  factor,  relight  (for  aero 
combustor),  or  off-peak  loading  (for  industrial  combustor)  capability  demands  great 
design  ingenuity.  The  well-stirred  reactor  (WSR)  provides  a  laboratory  idealization 
of  an  efficient  and  highly  compact  advanced  combustion  system  of  the  future  that  is 
capable  of  yielding  global  kinetics  of  value  to  the  combustor  designers.  In  this  paper, 
we  have  studied  the  combustion  performance  and  emissions  using  a  toroidal  WSR. 
It  was  found  that  the  toroidal  WSR  was  capable  of  peak  loading  almost  twice  as  high 
as  that  for  a  spherical  and  also  yielded  a  better  fuel-lean  performance.  A  simple 

analysis  based  upon  TOi?  theory  provided  good  predictions  of  the  WSR  lean  blowout 
limits.  The  WSR  combustion  efficiency  was  99  percent  over  a  wide  range  of  mixture 
ratios  and  reactor  loading.  CO  emissions  reached  a  minimum  at  aflame  temperature 
of  1600  K  and  NO^  increased  rapidly  with  an  increase  in  flame  temperature,  moder¬ 
ately  with  increasing  residence  time,  and  peaked  at  or  slightly  on  the  fuel-lean  side 
of  the  stoichiometric  equivalence  ratio.  Finally,  emissions  maps  of  different  combus¬ 
tors  were  plotted  and  showed  that  the  WSR  has  the  characteristics  of  an  idealized 
high-efficiency,  low-emissions  combustor  of  the  future. 


Introduction 

The  design  and  development  of  low-emissions,  lean  premixed 
aero  or  industrial  gas  turbine  combustors  is  very  challenging 
because  it  entails  many  compromises.  Emissions  of  CO  and 
NOx  in  the  upper  stratosphere  and  pollutant  exhaust  from  coal- 
fired  and/or  Ae  combined  steam-gas  turbine  cycle  power  plants 
are  a  major  contributor  to  atmospheric  pollution,  acid  rain,  and 
ozone  depletion.  The  Clean- Air  Act  of  1991  is  forcing  the  burn¬ 
ing  of  natural  gas  fuel  and  the  application  of  sophisticated  aero- 
space-derived  technology  to  improve  ground-based  industrial 
gas  turbine  combustion  systems.  To  satisfy  the  projected  CO 
and  NOx  emissions  regulations  without  relaxing  the  conflicting 
requirements  of  combustion  stability,  efficiency,  pattern  factor, 
relight  (for  aero  combustor)  or  off-peak  loading  (for  industrial 
combustor)  capability  demands  great  design  ingenuity.  Also,  in 
the  design  of  foture  high-output  combustors,  minimizing  com¬ 
bustor  volume  and  maximizing  combustor  heat  release  are  in¬ 
variably  the  major  goals.  To  meet  these  challenges,  the  designer 
has  to  search  for  basic  concepts  that  provide  a  global,  yet  quanti¬ 
tative  description  of  the  combustion  process  in  a  gas  turbine 
combustor.  One  such  concept  is  to  approximate  the  practical 
combustion  zone  as  a  WSR  into  which  premixed  fuel  and  air 
are  fed  and  the  overall  kinetics  of  chemical  reactions  is  control¬ 
ling.  The  WSR  provides  a  laboratory  idealization  of  an  efficient 
and  highly  compact  advanced  combustion  system  of  the  future 
that  is  capable  of  yielding  global  kinetics  of  value  to  the  com¬ 
bustor  designers. 

In  this  paper,  we  describe  the  design  of  a  WSR  and  measure 
combustion  efficiency,  combustion  stability  (lean  blowout), 
and  emissions  of  CO,  unbumed  hydrocarbon  (UHC),  and  NOx. 
These  data  were  obtained  for  propane  and  an  HC  fuel  blend  (a 
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mixture  of  methane,  ethane,  and  ethylene,  which  represents  the 
products  of  thermal  degradation  of  advanced  endothermic  jet 
fuels  that  are  being  developed  for  the  high-speed  flight).  Fi¬ 
nally,  the  combustion  and  emissions  performance  of  the  WSR 
are  compared  with  a  theoretical  analysis  and  with  measurements 
of  pollutant  emissions  from  gas  turbine  combustors,  and  impli¬ 
cations  to  practical  combustor  design  are  discussed. 

WSR  Design 

WSR  Test  Facility.  The  first  WSR  was  developed  by 
Longwell  and  Weiss  ( 1955)  at  Exxon  Corporation,  Linden,  NJ. 
Subsequently,  other  researchers  designed  reactors  of  various 
geometries  (see  Table  1);  this  past  work  is  summarized  by 
Zelina  and  Ballal  (1994).  We  capitalized  on  the  findings  of 
previous  researchers,  weighted  the  pros  and  cons  of  different 
designs,  and  constructed  a  250-ml  toroidal  WSR  designed  by 
Nenniger  et  al.  (1984).  A  schematic  of  this  WSR  design  is 
shown  in  Fig.  1.  The  WSR  volume  is  about  50  percent  of  the 
volume  of  a  single  swirl  cup  primary  zone  typically  used  in  a 
modem  aero-engine  combustor.  The  design  details  of  this  toroi¬ 
dal  WSR  are  given  by  Zelina  and  Ballal  ( 1994). 

The  WSR  is  cast  in  two  halves  (each  125  ml)  out  of  alumina 
ceramic  cement.  The  lower  half  of  the  reactor  has  three  holes 
on  the  centerline  of  the  toroid  for  the  thermocouple,  gas  sam¬ 
pling  probe,  and  the  ignitor.  Notches  are  cast  along  the  outside 
circurnference  of  the  reactor  to  accommodate  the  fuel  jet  ring, 
which  is  constructed  of  304  stainless  steel.  Premixed  fuel  and 
air  enter  the  ring  through  a  0.5  inch  o.d.  feed  tube.  Thirty-two 
tapped  holes  are  placed  on  the  ring  and  accommodate  1.2-mm- 
dia  sonic  jets,  20  deg  off  the  radius.  Finally,  the  top  half  of  the 
reactor  houses  a  flow  straightener,  which  turns  the  flow  90  deg 
into  a  plug  flow  reactor  (PFR). 

Figure  2  illustrates  the  WSR  test  facility  and  its  associated 
instrumentation:  thermocouples,  gas  sampling  probes,  emis¬ 
sions  analyzers,  gas  chromatography -mass  spectrometry  (GC- 
MS)  system,  and  a  Fourier  transform  infrared  spectroscopy 
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Table  1  Comparison  of  WSR  designs 


LoogwdSand 
Weiss  (1955^ 

Blazcmdd 

a980a.bl 

Thornton  et 
aLn987^ 

Ndmiger 
eta!  (1984) 

Zelina  and 
Ballaia994) 

GT 

Combustor 

T 

0.1-5  ms 

0.6-4  ms 

0.5-6  ms 

1-6  ms 

2-12  ms 

2-12  ms 

To 

475K 

290K 

300^K 

473K 

300-500K 

400-700K 

P 

0.13-1  atm 

1.05  atm 

1  atm 

1  atm 

1-5  atm 

5-35  atm 

V 

240  mL 

35  mL 

15.8  mL 

250  mL 

250  mL 

500  mL 

(FTIR)  equipment.  Two  Type  B  Pt-Rh  thermocouples  (O.OV 
dia  bare  wire)  rated  at  2100  K  and  two  Type  K,  Cr-Al  thermo¬ 
couples  rated  at  1660  K  were  installed  in  the  WSR  and  PFR, 
respectively.  The  Pt-Rh  thermocouples  were  coated  with  an 
yttrium  chloride/beryllium  oxide  substance  as  described  by 
Kent  (1970)  to  eliminate  catalytic  effects  on  the  thermocouple 
surface.  Air-cooled  quartz  gas-sampling  probes  were  used  to 
withdraw  pollutant  samples  from  the  WSR.  These  gas  samples 
pass  through  a  water  trap  and  a  dehumidifier,  then  are  fed  into 
various  emissions  analyzers. 

The  Horiba  emissions  analyzers  comprise  the  following  units: 
model  MPA-510  oxygen  analyzer  (0  to  50  percent),  model 
FIA-510  total  hydrocarbon  andyzer  (0  to  50(X)  ppm  carbon), 
model  VIA-510  CO  (0  to  5000  ppmV),  model  VIA-510  CO 
(0  to  2  percent)  and  CO2  (0  to  25  percent)  analyzer,  and  model 
CLA-510  SS  NO  and  NO,  analyzer  (0  to  200  ppmV).  A  gas 
sample  of  500  ml/min  is  drawn  in  by  each  Horiba  unit  and 
analyzed  for  various  pollutant  species. 

Test  Conditions.  The  WSR  test  facility  was  operated 
slightly  above  atmospheric  pressure  and  at  room  temperature 
(300  K).  In  this  facility,  the  air  rotameter  was  rated  at  0  to  25 
g/s  2ind  fuel  supply  was  in  the  0  to  5  g/s  range.  These  flow 
conditions  permitted  the  operation  of  the  reactor  over  a  broad 
range  of  loading  parameter  (LP)  and  equivalence  ratios  4>  = 
0.4  to  2.5,  residence  time  =  2.5  to  12  ms,  a  cold  mixture 
velocity  in  the  toroid  s  100  m/s,  mixing  time  s  0.1  ms. 
and  reactor  temperature  7)  =  1200  to  2050  K.  In  this  study. 


Air  Air 
Oat  In 


Fig.  2  Torofdat  WSR  test  facility  showing  associated  emissions  and  con¬ 
trol  Instrumentation 


focus  was  on  fuel-lean  combustion  (<^  <  1).  at  mean  residence 
times  of  2.5  ms  and  12  ms. 

The  WSR  was  operated  so  that  it  does  not  suffer  thermal 
shock  and  its  wall  temperature  does  not  exceed  2300  K.  Accord¬ 
ingly,  the  WSR  was  lightly  loaded  during  the  ignition  sequence, 
allowed  to  reach  over  1000  K  and  only  then  the  lean  blowout 
tests  were  performed.  Propane  and  HC  blend  fuel  (composition 
of  15  percent  methane,  25  percent  ethane,  and  60  percent  ethyl¬ 
ene)  were  burned  in  the  WSR.  The  HC  blend  fiiel  composition 
represents  the  products  of  thermal  degradation  of  advanced  en¬ 
dothermic  jet  foels  that  are  being  developed  for  the  high-speed 
civil  transport  (HSCT)  and  the  Hypersonic  System  Technology 
Program  (HySTP).  A  vaporizer  chamber  has  been  fabricated 


Nomenclature 


Cf  =  reaction  rate  constant 
E  -  activation  energy,  cal/g-mol 
El  =  emissions  index,  g/kg  fuel 
LP  =  loading  parameter,  g-mol/s-L-atm" 
m  =  fuel  concentration  exponent 
m  =  air  mass  flow  rate,  kg/s 
n  =  global  reaction  rate 
P  =  pressure,  kPa 


Ta  =  adiabatic  flame  temperature,  K 
Tf  =  reactor  temperature,  K 
To  =  inlet  temperature,  K 
R  =  universal  gas  constant 
V  =  reaction  volume,  m^ 

X/,  Xo  =  volume  fraction  in  combustion 
gases  of  fuel  and  oxygen,  respec¬ 
tively 


Z  =  exponent  of  equivalence  ratio 
15  =  fraction  of  fuel  burned 
7}  —  combustion  efficiency 
p  =  density,  kg/m^ 
r  =  residence  time,  ms 
0  =:  equivalence  ratio 
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Rg.  3  Measured  stability  loops  for  propane/air  mixtures  at  atmospheric 
pressure  and  300  K  inlet  temperature 


for  future  studies  of  the  combustion  of  liquid  fuels  such  as 
benzene,  heptane,  toluene,  methyl  cyclohexane,  NORPAR,  JP- 
4,  JP-5,  and  JP-8, 

Error  Analysis.  Both  the  fuel  flow  and  airflow  were  moni¬ 
tored  to  within  2  percent.  The  combined  error  produced  a  maxi¬ 
mum  uncertainty  of  5  percent  in  the  value  of  equivalence  ratio. 
The  thermocouple  temperature  measurements,  after  correcting 
for  radiation  and  conduction  heat  loss,  were  accurate  to  within 
40  K.  The  Horiba  emissions  analyzers  and  the  HP  GC-MS 
system  quote  an  accuracy  to  within  1  percent  of  full  scale. 

Results  and  Discussion 

Combustion  Stability  and  Lean  Blowout  Figure  3  shows 
a  typical  measured  WSR  stability  loop  for  propane-air  mixtures 
at  300  K  inlet  temperature.  Also  plotted  on  this  figure  is  the 
stability  loop  for  the  spherical  WSR  (Kretschmer  and  Odgers, 
1972)  and  stability  curves  for  a  mixing-controlled  research  step 
combustor  (Sturgess  et  al.,  1996).  At  light  loading  (IP  <  20), 
both  the  spherical  WSR  and  the  step  combustor  exhibit  wide 
stability  limits  and  better  lean  blowout  performance.  In  contrast, 
the  toroidal  WSR  is  capable  of  better  fuel-lean  performance 
and  peak  loading  (almost  twice  as  high  as  that  for  the  spherical 
design  and  step  combustor)  at  medium  to  high  loading  (LP 
>20).  The  differences  in  stability  limits  for  these  combustor 
configurations  can  be  attributed  to  the  combined  effects  of  im¬ 
perfect  mixing  and  heat  losses  in  earlier  reactors,  and  recircula¬ 
tion. 

Lean  Blowout  Theory.  In  a  WSR,  the  rate  of  reaction 
between  fuel  and  air  may  be  expressed  by  the  material  balance 
equation: 

Hrit  =  CtVT)^  exp  ( 1 ) 

For  fuel-lean  propane-air  mixtures  (<f>  <  1 ): 

+  50.  +  18.8N:  =  3y9<f>C02  +  4/3</)H20 

+  (1  -  /5)^C3H8  +  5(1  -  ;3<f>)02  +  I8.8N2  (2) 

From  this  equation,  values  of  Xf  and  x„  can  be  calculated.  Substi¬ 
tuting  these  values  into  Eq.  ( 1 )  gives 

m  Cf _ 1  (l-jgr(l-/3d,r-" 


The  work  of  Kretschmer  and  Odgers  (1972)  suggests  that  the 
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value  n  depends  upon  the  equivalence  ratio  at  lean  blowout. 
Ballal  and  Lefebvre  (1979)  used  n  =  1.25,  m  =  nil  =  0.625. 
and  £  =  54  kcal/mol.  Using  corresponding  values  of  P,  7},  0^ 
and  <l>  in  the  equation,  it  is  possible  to  plot  LP  versus  0  for 
different  equivalence  ratios.  Maximum  loading  occurs  on  the 
peaks  of  these  curves,  corresponding  to  the  highest  possible 
heat  release  rate  at  a  stipulated  values  of  and  <i>.  By  plotting 
log  (LP)  versus  log  (<^)  for  different  values  of  7^,  Ballal  and 
Lefebvre  ( 1979)  found  that 

As  shown  in  Fig.  4,  Eq.  (4)  provides  a  satisfactory  prediction 
of  the  WSR  lean  blowout  limits  when  z  =  7  and  n  varies  in  a 
linear  fashion  from  I  to  1.25,  depending  upon  the  equivalence 
ratio. 

Combustion  Efficiency.  As  Lefebvre  ( 1983 )  has  stated,  in 
a  continuous-bum  combustion  system,  the  main  factors  affect¬ 
ing  the  level  of  combustion  efficiency  are  evaporation  or  vapor¬ 
ization  rate,  mixing  rate,  and  reaction  rate.  In  practical  combus¬ 
tors,  the  maximum  heat  release  is  rarely  controlled  by  all  three 
rates.  Rather,  one  of  the  three  key  rates  participates  in  determin¬ 
ing  overall  combustion  efficiency.  In  this  investigation,  the 
WSR  combustion  efficiency  is  reaction-rate  controlled  and  may 
be  calculated  on  an  enthalpy  basis  by  simply  subtracting  the 
inefficiencies  due  to  incomplete  burning  in  the  form  of  CO  and 
UHC.  This  method  was  developed  to  determine  combustion 
efficiency  based  on  emissions  measurements  from  aircraft  gas 
turbine  engines  (SAE  ARP  1533,  1994).  This  method  can  be 
readily  applied  to  a  variety  of  practical  and  laboratory  combus¬ 
tors  and  emissions  measurements  and  the  WSR  results  are 
shown  in  Figs.  5  and  6. 

Figure  5  shows  combustion  efficiency  as  a  function-  of  the 
reactor  temperature  (equivalence  ratio)  and  indicates  that  for  a 
low  value  of  the  residence  time  (r  =  2.5  ms),  the  combustion 
efficiency  of  the  propane -air  mixture  is  above  99  percent  over 
a  wide  range  of  mixture  ratios  ranging  from  near-lean  blowout 
to  stoichiometric  ratio.  The  combustion  efficiency  decreases 
above  1800  K  for  longer  residence  times  (r  =  12  ms)  primarily 
due  to  the  dissociation  of  CO2  in  these  high-temperature  regions. 
As  residence  time  is  decreased,  combustion  gases  do  not  remain 
in  the  high-temperature  region  long  enough  for  dissociation 
reactions  to  take  place  and  high  values  of  combustion  efficiency 
are  obtained. 

Figure  6  shows  the  variation  in  WSR  combustion  efficiency 
as  a  function  of  LP  (for  =  0.8),  this  latter  parameter  is 


Rg.  4  Comparison  between  measured  values  of  WSR  lean  blowout  and 
predictions 
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Fig.  5  Combustion  efficiency  as  a  function  of  reactor  temperature  for 
propane /air  mixtures  at  two  different  residence  times 


inversely  related  to  the  residence  time  r.  These  data  also  con¬ 
firm  the  generally  high  level  of  combustion  efficiency  of  the 
WSR.  Thus,  it  may  be  concluded  that  the  WSR  data  represent 
the  upper  range  of  efficiency  values  that  advanced  gas  turbine 
combustor  designs  should  approach  given  adequate  pressure 
drop  (rapid  mixing),  reduced  wall  quenching,  and  good  fuel 
atomization  leading  to  rapid  fuel  evaporation. 

CO  and  UHC  Emissions.  CO  and  UHC  emissions  repre¬ 
sent  a  direct  manifestation  of  combustion  inefficiency.  If  the 
primary  zone  of  a  combustor  operates  fuel-rich,  has  inadequate 
mixing,  or  is  prematurely  quenched  by  cold  air,  larp  quantities 
of  CO  (which  is  relatively  resistant  to  oxidation)  will  be  formed 
due  to  the  lack  of  oxygen  needed  to  complete  the  reaction  to 
CO2.  UHC  emissions  include  fuel  that  emerges  at  the  combustor 
exit  in  the  form  of  droplets  or  vapor,  and  the  products  of  the 
thermal  degradation  of  the  parent  fuel  into  species  of  lower 
molecular  weight  such  as  methane  and  acetylene.  UHC  emis¬ 
sions  are  associated  with  poor  atomization,  inadequate  burning 
rates,  and  premature  quenching.  In  general,  UHC  emissions 
parallel  those  of  CO.  Any  combustor  design  modification  that 
decreases  CO  emissions  will  also  decrease  UHC  emissions. 

Figure  7  shows  a  measured  combustion  efficiency  plotted 
versus  emissions  of  CO  and  UHC.  Also  plotted  is  an  efficiency 
versus  emissions  relationship  developed  by  Bahr  ( 1972)  for  gas 
turbine  combustors: 


Fig.  6  WSR  combustion  efficiency  versus  loading  parameter  tor  two 
fuels 


Fig.  7  Relationship  between  combustion  efficiency  and  emissions  of 
CO  and  UHC  in  a  WSR 


.  f  Elmc  +  0.232EIco\ 

^  =  - looo  )■ 

A  good  agreement  is  obtained  between  WSR  measurements  and 
predictions  of  CO  emissions  using  Eq.  (5).  This  provides  fur¬ 
ther  evidence  that  the  combustion  performance  of  the  primary 
zone  of  a  gas  turbine  combustor  is  very  similar  to  that  of  a 
WSR 

Figure  8  shows  the  emissions  of  CO  from  the  toroidd  WSR 
over  a  range  of  equivalence  ratios.  Also  plotted  are  typical  CO 
emissions  from  a  practical  gas  turbine  combustor  burning  jet 
fuel  (Rizk  and  Mongia,  1993).  Although  trends  are  similar 
(i.e.,  CO  emissions  reach  a  minimum  around  <l>  =  0.6  corre¬ 
sponding  to  the  combustion  zone  temperature  of  1600  K),  the 
CO  emissions  index  for  the  practical  gas  turbine  combustor  are 
two  to  three  times  higher  than  those  for  the  WSR.  Two  key 
factors  influence  CO  emissions  in  practical  systems:  (i)  for  4> 
<  0.6  cold  gas  quenching  and  combustion  temperatures  are 
usually  too  low  for  CO  to  bum  to  CO2  and  (if)  for  </>  >  0.6, 
CO  quickly  reaches  the  equilibrium  value,  which  is  higher  than 
the  acceptable  emission  level.  In  such  a  situation,  special  care 
is  required  in  practice  to  dilute  hot  combustion  products  to 
turbine  entry  temperatures.  Other  factors  such  as  poor  fuel  atom- 


Fig.  8  Emissions  of  CO  from  the  WSR  compared  to  a  practical  gas 
turbine  combustor 
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Fig.  9  Emissions  of  NO^  as  a  function  of  reactor  temperature  for  two 
different  residence  times  and  different  fuel/air  mixtures 

ization  leading  to  inadequate  fuel  vaporization^  improper  fuel- 
air  mixing,  and  premature  quenching  of  combustion  products 
due  to  film  cooling  air  can  also  increase  CO  emissions  levels 
in  practical  systems. 

NO,  Emissions.  Variables  affecting  the  production  of  NOx 
have  been  extensively  studied  by  Nicol  et  al.  ( 1995)  and  Steele 
et  al.  (1997).  Advanced  combustor  designs  employing  intense 
reactant  mixing  and  high-temperature  stoichiometric  combus¬ 
tion  produce  a  large  quantity  of  NOx.  In  fact,  NO*  emissions 
rise  moderately  with  high  pressure  and  residence  time,  and  ex¬ 
ponentially  with  flame  temperature.  The  WSR  offers  a  unique 
opportunity  to  investigate  the  chemistry  of  NOx  emissions  be¬ 
cause  of  the  absence  of  interaction  between  chemical  reactions 
and  the  fluid  dynamics  processes  of  turbulent  mixing  and  fuel 
evaporation. 

NOx  emissions  comprise  thermal  NO  produced  by  the  oxida¬ 
tion  of  atmospheric  nitrogen  in  the  postflame  gases,  prompt  NO 
produced  by  the  high-speed  reactions  at  the  flame  front,  and 
fuel  NO  produced  by  the  oxidation  of  fuel-bound  nitrogen.  For 
propane-air  combustion  systems,  Roffe  and  Venkataramani 
(1978)  have  found  that: 

In  =  -72.28  +  2.8V7;  -  .  (6) 
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Rg.  10  Comparison  of  NO,  emissions  from  the  toroidal  WSR  and  the 
jet-stimed  reactor  at  3.5  ms  residence  time 

the  emissions  indices  of  the  various  combustors  burning  differ¬ 
ent  fuels  were  in  fairly  good  qualitative  agreement  with  the 
WSR  data.  These  results  again  attest  to  the  importance  of  WSR 
studies  to  practical  combustor  design.  In  Fig.  10,  it  should  be 
noted  that  NOx  emissions  index  for  the  production  gas  turbine 
combustors  are  generally  higher  by  a  factor  of  two  to  three  as 
compared  to  the  WSR  data.  These  higher  values  of  NOx  emis¬ 
sions  are  presumably  due  to  the  unmixedness  (see  Fric,  1993) 
present  in  practical  gas  turbine  combustor  as  compared  to  the 
near-perfectly  mixed  WSR. 

Emissions  Map.  A  basic  feature  of  many  methods  of  emis¬ 
sions  abatement  is  that  they  represent  trade-offs  between  CO/ 
UHC  and  NOx  emissions.  This  led  Verkamp  et  al.  (1973)  to 
advocate  the  idea  of  presenting  the  relation  between  CO  and 
NOx  in  tbe  form  of  an  emissions  map,  which  distinguishes 
between  true  advances  in  emissions  technology  and  mere  emis¬ 
sions  trade-offs.  Figure  12  shows  an  emissions  map.  Included 
in  this  figure  are  published  data  from  two  practical  combustors 
and  the  WSR  data  obtained  in  our  experiments.  It  shows  that 
the  emissions  characteristics  of  the  WSR  fall  within  the  band¬ 
width  that  could  be  proposed  for  the  low-emissions  advanced 
combustor  design  of  the  future. 


Figure  9  shows  the  measured  effect  of  flame  temperature  on 
NOx  emissions  for  propane  and  HC  blend  fuels  and  for  two 
different  values  of  residence  time.  Although  residence  time  cer¬ 
tainly  increases  NO*  (for  example,  for  propane-air  combustion 
at  1900  K,  0.75  g/kg  and  1.75  g/kg  of  NO,  are  fonned  coire- 
sponding  to  residence  times  of  2.5  ms  and  12  ms,  respectively), 
it  is  the  flame  temperature  that  causes  a  major  increase  in  NOx 
emissions.  As  seen  in  Fig.  9,  Eq.  (6)  provides  a  satisfactory 
prediction  of  NOx  when  r  =  2.5  ms.  Also,  as  seen  in  Fig.  10, 
our  measured  values  of  NOx  emissions  were  in  close  agreement 
with  propane-air  data  of  Steele  et  al.  (1997)  taken  in  a  jet- 
stirred  reactor.  To  decrease  NO,  emissions  from  practical  com¬ 
bustion  systems,  the  primary  goal  must  be  to  lower  the  reaction 
temperature  (by  using  water  or  steam  injection)  and/or  the 
elimination  of  hot  spots  inside  the  combustor. 

Figure  1 1  shows  emissions  index  of  NOx  for  four  different 
combustors:  (i)  a  research  step  swirl  combustor  of  Durbin  and 
Ballal  (1994),  (i7)  an  advanced  axially  staged  combustor 
(ASC)  of  Segalman  et  al.  (1993),  (Hi)  a  conventional  gas 
turbine  combustor  design  of  Rizk  and  Mongia  (1993),  and 
(iv)  the  present  WSR.  As  shown,  data  were  obtained  for  the 
combustion  of  different  fuels  in  the  WSR.  It  is  observed  that 
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Rg.  11  Emissions  of  NO,  from  the  WSR  compared  to  three  different 
combustor  configurations 
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Fig.  12  Emissions  map  illustrating  the  status  of  emissions  control  tech¬ 
nology  for  practical  combustion  systems 


Conclusions 

A  study  of  combustion  stability  and  pollutant  emissions  was 
completed  using  a  toroidal  WSR  burning  propane  and  HC  blend 
fuels.  The  WSR  represents  a  laboratory  idealization  of  an  effi¬ 
cient,  low-emissions  advanced  combustor  of  the  future.  The 
following  conclusions  emerged: 

1  The  toroidal  WSR  was  capable  of  peak  loading  almost 
twice  as  high  as  that  for  a  spherical  WSR  and  also  yielded  a 
better  fuel-lean  performance  at  medium  to  high  loading.  A  sim¬ 
ple  analysis  based  upon  WSR  theoiy  (Eq.  (4))  provided  good 
predictions  of  the  WSR  lean  blowout  limits. 

2  The  WSR  combustion  efficiency  was  above  99  percent 
over  a  wide  range  of  mixture  ratios  and  reactor  loading.  Thus, 
the  WSR  provides  an  upper  range  of  efficiency  values  that 
advanced  gas  turbine  combustor  designs  should  approach  given 
good  fuel  atomization  (and  evaporation),  adequate  pressure 
drop,  and  reduced  wall  quenching. 

3  CO  emissions  reached  a  minimum  at  ^  =  0.6,  correspond¬ 
ing  to  flame  temperatures  of  1600  K.  The  predictions  of  CO 
emissions  using  a  quantitative  relationship  developed  for  gas 
turbine  combustors  (Eq.  (5))  showed  a  good  agreement  with 
WSR  measurements.  Of  course,  in  a  practical  gas  turbine  com¬ 
bustor,  absolute  CO  emissions  were  found  to  be  higher  presum¬ 
ably  because  of  incomplete  combustion  arising  due  to  insuffi¬ 
cient  residence  time  at  high  loading,  inadequate  mixing,  or 
quenching  of  postflame  combustion  products. 

4  Production  of  NO*  depends  upon  two  main  parameters: 
combustion  temperature  and  residence  time.  As  expected,  NO^ 
increased  rapidly  with  an  increase  in  flame  temperature,  moder¬ 
ately  with  increasing  residence  time,  and  peaked  at  or  slightly 
on  the  fuel-lean  side  of  the  stoichiometric  equivalence  ratio. 
Equation  (6),  developed  for  propane -air  combustion  systems, 
yields  good  agreement  with  WSR  data.  Also,  the  NO*  emissions 
index  for  the  production  gas  turbine  combustor  was  higher, 
presumably  due  to  the  unmixedness  present  in  practical  gas 
turbine  combustors. 

5  Finally,  emissions  maps  of  different  combustors  were 
plotted  and  show  that  the  WSR  has  the  characteristics  of  an 
idealized  high-efficiency,  low-emissions  combustor  of  the  fu¬ 
ture. 
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Unsteady  vortex-flame  interactions  and  subsequent  local  extinction  have  been  investigated  in  double- 
concentric  turbulent  methane  jet  diffusion  flames  stabilized  on  a  thick-walled  fuel  tube  using  joint  Mie 
scattering^thin-filament  pyrometry  (MS/TFP)  and  two-color  particle  image  velocimetry  (PIV).  Particle 
images  visualized  the  evolution  and  development  of  large-scale  vortices  in  the  internal  fuel  jet  shear  layer 
and  external  annulus  air  jet  boundary.  The  real-time  MS/TFP  technique  captured  the  events  when  the 
internal  vortices  poked  through  the  flame  zone,  and  tlie  PIV  measurements  revealed  the  instantaneous 
velocity  fields  in  flames  interfered  by  the  internal  or  external  vortices.  The  visible  (blue)  flame  zone  turns 
luminous  due  to  soot  formation  downstream  (>5  jet  diameter),  where  the  flame  bulges  out  in  response  to 
a  radial  movement  of  the  internal  or  external  vortices.  By  contrast,  in  the  near-jet  region  where  the  flame 
zone  was  strained  and  relatively  immobile,  two  modes  of  local  extinction  were  observed:  (1)  interference 
by  the  internal  jet-fluid  vortices  extending  outward  to  the  flame  zone  and  (2)  interference  by  the  external 
annulus-fluid  vortices  perturbing  air  entrainment.  In  both  cases,  the  entrainment  velocity  increased  locally, 
and  cold  air  passed  through  the  quenched  holes  in  the  flame  zone  into  the  internal  vortical  structure  in 
the  intermittent  mixing  layer.  Local  flame  extinction  is  attributed  to  two  distinct  unsteady  mechanisms:  (1) 
a  sudden  increase  in  the  fuel  diffusive  influx  as  a  result  of  a  large  Peclet  number  for  mass  transfer  associated 
with  the  internal  vortex  and  (2)  an  increase  in  the  convective  influx  as  a  result  of  enhanced  air  entrainment 
due  to  the  external  vortex  s  squeezing  motion. 


Introduction 

Flame  stability  and  extinction  are  of  both  funda¬ 
mental  and  practical  importance.  In  turbulent  jet 
diffusion  flames,  transient  interactions  between  the 
flame  zone  and  large-scale  vortices  may  lead  to  local 
extinction  near  the  laminar-to-turbulent  transition 
point,  if  the  base  of  the  flame  is  stabilized  by  a  bluff 
body  or  pilot  flame  [1],  Local  extinction  may  further 
lead  to  the  formation  of  a  stable  split  flame  (i.e.,  a 
combination  of  a  small  laminar  flame  in  the  vicinity 
of  the  burner  rim  and  a  ""lifted*'  turbulent  flame 
downstream)  for  hydrogen  [2-6]  and  propane  [7],  or 
it  causes  lifting  of  the  flame  almost  immediately  for 
methane  [1,8-10].  The  dynamic  response  and  struc¬ 
ture  of  jet  diffusion  flames  interacting  with  vortices 
(shear-generated,  buoyancy-induced,  or  artificially 
driven)  have  been  studied  experimentally  [11-17] 


and  numerically  [18-20].  In  addition,  the  effects  of 
curvature  and  unsteadiness  in  diffusion  flames  have 
been  studied  by  direct  numerical  simulations  [21]. 
The  characteristics  of  turbulence  (such  as  scales,  in¬ 
tensities,  and  temporal  properties)  and,  in  turn,  their 
effects  on  flame  phenomena  vary  widely  in  various 
turbulent  flames.  If  local  extinction  mechanisms  are 
revealed  in  simple  laboratory  flames,  their  essential 
features  must  be  applicable  to  certain  regimes  of  var¬ 
ious  turbulent  flames  in  complex  practical  combus¬ 
tion  systems,  such  as  gas-turbine  combustors  and  in¬ 
dustrial  furnaces. 

In  a  turbulent  jet  diffusion  flame  of  a  pure  hydro¬ 
carbon  in  air,  the  flame  zone  is  formed  outside  (air- 
side  of)  the  jet-fluid  boundary  in  which  small-scale 
turbulence  is  confined  because  of  a  low  stoichio¬ 
metric  mixture  fraction  and  a  high  Damkohler  num¬ 
ber  (a  ratio  of  the  characteristic  flow  or  diffusion 
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tiiiu‘  to  tlu*  clu'iniciil  ^'action  tiiiU'.  n'spoftivt'lx  V  As 
a  r('Stilt,  niolocMilar  din'iision  ofllu'  fiu'!  in  llu'  la\(‘r 
In'hvc't'n  tin'  jot-dnicl  boniulan'  and  tiio  flanu'  zono 
is  still  an  important  factor  in  tnrhnli'nt  (lanu'S. 
Tliront;li  a  sc'rics  of  laser  diaiinostic  and  numerical 
studies  [14,15.19]  of  methane  jt‘t  diffusion  Haines,  a 
Peclct  number  for  mass  transfer  {Pc:  a  ratio  of  the 
characteristic  diffusion  time  to  tlu'  convection  time 
associated  with  the  large-scale  vortt'x)  has  bc'en  iden¬ 
tified  ius  an  important  parameter  in  determining  the 
re.sponse  of  the  Hame  zone  to  the  shear-generatt'd 
\-ortex  motion,  before  finite-rate  cheinistr\-  begins  to 
plav  a  role  in  local  extinction.  In  addition  to  inter¬ 
ference  by  internal  shear-induced  large-scali^  \*oi*ti- 
ces,  we  have  recently  revealed  that  the  external  vor¬ 
tical  structure  also  cau.ses  local  extinction.  Because 
of  the  time-depiMulent  three-dimensional  naturi'  ot 
vortex-Hame  interactions,  single-shot  point  measure¬ 
ments  are  insufficient  to  resoK'c  the  phenomenon 
tiMuporally  and  spatially.  To  improve  this  deficienc)'. 
joint  line  Mie  .scattenng/thin-filament  pyrometiy 
(MS/TFP)  and  hvo-color  particle  image  velocimetn- 
(PIV)  have  been  used,  and  this  paper  reports  the 
new  r(\sults  obtained.  The  primaiy  puq-)oses  ol  this 
,studv  are  (1)  to  gain  a  better  understanding  of  the 
unsteady  vortex-flame  interactions  that  lead  to  local 
extinction  and  sub.secjuent  lifting  of  jet  diffusion 
(lames  and  (2)  to  advance  our  knowledge  of  turbu- 
leuce-llame  interactions  applicable  to  more  complex 
turbulent  (lames. 


E.vperimenta!  Techniques 

The  burner  .system,  de.scribed  elsewhere  in  detail 
[1,14,15],  con.sists  of  a  thick-walled  fuel  tube  (9.45- 
mm  inner  diameter,  <S06-mm  long,  2.4-min  lip  thick¬ 
ness,  flat-end  stainless  steel  tube)  and  a  concentric 
air  tube  (26.92-mrn  inner  diameter) — through  which 
annulus  coflow  air  is  supplied — centered  in  a  low'- 
speed  (^0.5  in/s)  extenuil  airstream  in  a  vertical 
combustion  chimney  (150-  X  l50-mm  rounded- 
sipiare  cross  section,  483-mm  long,  (|uartz  windows 
on  three  sides).  Methane  (>9<S%)  was  used  as  the 
fuel. 

The  unii[ue  capal)ilities  of  the  real-time  measure¬ 
ment  techniques,  including  line  Mie  scattering  and 
thin- filament  pvTometry  [22,23],  were  combined  to 
study  the  transient  interactions  of  Hames  and  their 
flow  fields.  As  in  the  previous  Mie-scatti^ring  e.xp(*r- 
iments  [  L4J,  a  rotating  mirror  is  employed  to  sw^eep 
the  .scattered  or  emitted  light  from  a  jet  diffusion 
flame  past  a  point  detector.  In  the  case  of  line  Mie 
scattering,  si^ed  particles  (ZrO^;  <l  /^m.  97%)  are 
introduced  into  the  find  jet  and  allowed  to  pass 
through  a  line  formed  (Vom  the  focused  output  of  an 
Argon  ion  !a.s{‘r  (multiliiu^,  1  to  3  W).  The  .scattered 
light  (rom  tlu*  sampli^  region  is  collimated  and  fo¬ 
cused  bv  a  lens  svstem  toward  the  multifaceted 


rotating  iniiTor  whi'id  that  sw'i'i'ps  the  coiwerging 
light  onto  an  optical  fiber  at  5000  .swi'cps  pm*  second. 
The  optical  fibm*  diri'cts  the  collecti'd  light  into  a 
photomnUiplim*.  The  TFP  techni(|ue  is  .simulta- 
neou.slv  implemmiti'd  by  placing  a  small  Si('  filament 
(^l5//m  in  diami'tcr^  near  thi'  lasm*  beam  location. 
,\s  the  (lame  heats  the  small  filament,  blackbody 
emission  is  collected  by  the  .same  lens  .system  and 
refiected  to  a  .si'cond  optical  fibm*.  directing  the  light 
to  an  InGaAs  iletector  (peak  respon.si*:  I  .T/on).  This 
experimental  arrangement  allow's  both  the  line  Mie 
scattering  and  the  TFP  signals  to  bi'  .simultaneously 
recorded  as  a  function  of  space*  and  time. 

The  e.xperi mental  scheme  for  two-color  PIV  is 
similar  to  that  reported  by  Goss  et  al.  [24].  A  seeded 
flow  field  is  illuminated  by  green  and  red  pulseil  la¬ 
ser  sheets.  Because  color  is  u.si'd  to  mark  the  particle 
positions  as  a  function  of  time,  the  direction  and  dis¬ 
placement  of  the  particles  (velocitx')  can  be  unicpiely 
determined.  The  green  (532  nm)  ktser  output  from 
a  freijuencN -doubled  pulsed  (^8  ns)  NdA.AGr  laser 
and  the  red  (840  nm)  laser  output  (Vom  a  N'd:YAG- 
pumped  dve  Ia.ser  are  coml)ined  and  routed  through 
sheet-forming  optics.  The  huser  sheet  energv*  is  tvp- 
icallv  20  mj/pulse  with  a  thickne.ss  of  ^0.5  mm  at 
the  test  section.  The  temporal  delay  between  the  two 
liLsers  is  controlled  by  a  pulse  geni'rator  and  is  varied 
ilepending  on  the  gas  velocity,  optical  magnification, 
and  interrogation  .spot  size.  Mie  .scattering  from  the 
seed  particles  is  recorded  on  color  film  with  a  35- 
mm  camera.  The  color  film  is  digitized  by  a  .scanner 
into  individual  red,  green,  and  bliu?  components  at 
a  resolution  of  2702  pixels  per  inch.  The  digitized 
image  is  then  processed  by  customi*/ed  PIV  analysis 
sofrivare  using  a  cross-correlation  techniijue  applied 
to  two  distinct  (red  and  green)  image  fields.  The  size 
of  the  interrogation  spot,  that  is,  small  subregions 
over  which  the  cross-correlation  is  applied,  is  either 
64  X  64  or  128  X  128  .square  pixels,  wHiich  trans¬ 
lates  to  the  .spatial  resolution  of  0.6  X  0.6  mm  with 
the  1.0  magnification  employed. 

RESULTS  AND  DISCUSSION 

Join  t  MS/T FP  M casu  renwn ts 

Figure  1  shows  real-time  line  intensities  of  Mie 
scattering  and  thin-filament  radiation  for  differiuit 
mean  jet  velocities  (Ly)  and  hi'ight.s  from  the  ji*t  exit 
(.v).  The  Mie  scattering  is  on  the  left,  and  the  thin- 
filainent  radiation  is  on  the  right  in  each  figure.  At  a 
low  mean  jet  velocity  (Fig.  la),  the  high-ternperature 
zone  marked  bv  the  filament  was  thin  and  continu¬ 
ous,  and  the  particle-laden  jet  fluid  rarely  reached 
the  hot  zone.  By  contrast,  at  a  high  mean  jet  velocity’ 
under  the  condition  of  local  extinction  (Fig.  Lb),  the 
j(»t  fluid  occasionally  poked  through  the  Hame  zone, 
and  the  high-temperature  zoni^  was  sporadically 
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Fig.  1.  Real-time  Mie  scattering  and  TFP  intensities 
along  a  line  acros.s  a  methane  jet  Hame.  C/^  =  3  ni/s.  (a)  Uj 
=  6  m/s.  .V  =  15  mm;  (b)  Uj  =  15  m/s,  x  =  15  mrn;  and 
(c)  Uj  =  15  m/s,  -v  =  50  mm. 


discontinuous.  This  result  is  consistent  with  the  pre¬ 
vious  observation  [25]  of  local  extinction  using  joint 
planar  Mie  scattering  and  kiser-induced  fluores¬ 
cence  of  OH  radicals.  However,  in  other  instances, 
local  extinction  occurred  even  if  the  jet  fluid  stayed 
in  the  jet  core  region,  because  of  the  excess  external 
fluid  entrainment,  as  will  be  described  later.  At  a 
downstream  location  under  the  high  jet  velocity 
(Fig.  Ic),  the  discontinued  high-temperature  zone 
shifted  outward,  thickened,  and  lumped  to  form 
large  packets.  The  radial  movement  of  the  interface 
of  the  jet  fluid  and  external  fluid  increa,sed  down¬ 
stream  as  a  result  of  the  growth  of  the  large-scale 
structure. 

Figure  2  shows  the  jet  fluid  intermittency  (/), 
crossing  frequency  (/.),  and  mean  TFP  intensity  nor¬ 
malized  by  its  peak  value  (£7  ).  The  mean  tempera¬ 
ture  (T)  determined  by  coherent  anti-Stokes  Raman 
spectroscopy  (CARS)  previously  [15]  and  the  radial 
location  of  the  visible  flame  zone  are  also  included 
in  the  figure.  The  terms  I  and/.,  determined  from 
Mie  scattering  as  defined  in  the  previous  paper  [14], 
indicate  the  probability  that  the  jot  fluid  is  present 
at  a  specific  point  and  the  freiiuency  of  crossing  from 
the  jet  to  external  fluid  at  the  point,  respectively. 


Fig.  2.  Jet-fluid  intenmttency  (J),  crossing  fretjuency 
(/.),  mean  TFP  intensity  (Er)»  mean  CARS  tempera¬ 
ture  (T)  across  a  methane  jet  flame.  [/„  =  3  m/s.  (a)  Uj  = 
6  m/s,  X  =  15  mm;  (b)  Uj  ==  15  m/s,  x  =  15  mm;  and 
(c)  Uj  =  15  m/s,  X  -  50  mm. - ,  I; - £/’; 

- ,r[12]. 

Because  tlie  mean  temperature  data  were  available 
from  previous  CARS  measurements  [15],  the  TFP 
technique  was  used  only  for  qualitative  measure¬ 
ments  in  this  paper.  Under  a  low-velocity  condition 
(Fig.  2a),  I  decreased  mdially  and  vanished  before 
reaching  the  high- temperature  zone,  whereas  under 
a  higher  velocity  (Fig.  2b),  I  still  maintained  very  low, 
but  finite,  values  even  where  temperature  was  at  its 
highest,  reflecting  the  events  of  local  extinction.  As 
the  jet  velocity  was  increased,  the  peak  value  of /. 
increased  (from  810  to  1250  Hz)  and  its  distribution 
widened,  indicating  a  more  frequent  and  high-am- 
plitude  radial  motion  of  the  jet  fluid.  These  peak 
values  are  reasonably  close  to  the  results  obtained  in 
previous  measurements  using  Ti02  particles  (704 
and  1330  Hz,  respectively)  [14].  Furthermore,  the 
visible  flame  location  shifted  inward,  and  the  mean 
flame  temperature  dropped  from  --2050  to  '^1820 
K  [15]  as  a  result  of  reactant  leakage  through  the 
flame  zone  and  local  extinction.  At  a  downstream 
location  (Fig.  2c),  all  distributions  of  J,^,  and  Ep  (T 
was  not  available)  were  wider  as  the  jet  spread  and 
vortices  grew. 

Planar  Flow  Vlmalization 

Planar  particle  scattering  images  taken  for  two- 
color  PIV  are  useful  to  extract  qualitative  infor¬ 
mation  on  the  vortical  structures  and  local  e.xtinc- 
tion,  as  well  as  quantitative  velocity  measurements. 
Figure  3  shows  examples  of  the  visualization 
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Fic.  3.  Two-color  planar  flow  visualization  photographs 
of  methane  jet  flames.  U„  =  3  m/s.  (a)  Attached  flame,  Uj 
s=  6  m/s.  At  =  40  /is;  (b)  lifted  flame,  Uj  =  16  m/s.  At  = 
20  fi$;  (c)  and  (d)  locally  extinguished  flames.  =  15  m/ 
s,  At  =  20  pLS. 

photographs,  spanning  a  relatively  wide  field  of  view. 
The  jet  and  annulus  fluids  can  be  identifiable  in  the 
images  by  their  differences  in  color  tone,  mainly  de¬ 
pending  on  the  number  density  of  the  seed  particles. 
The  local  laser  intensity,  temporal  delay  between  two 
lasers  (At),  and  flow  velocity  also  contribute  to  the 
properties  of  images.  In  addition,  as  a  result  of  ther¬ 
mal  expansion  of  the  gases  in  a  hot  region  and  as¬ 
sociated  reduction  in  the  particle  number  density, 
the  hot  regions  near  the  flame  zone  can  also  be  iden¬ 
tified  as  darker  regions,  particularly  in  the  near-jet 
field.  This  property  is  of  great  advantage  in  that  it 
allows  instantaneous  recognition  of  local  flame  ex¬ 
tinction,  whereas  the  visible  flame  zone  is  a  time- 
exposure  record  (typically  1/15  s).  These  features 
could  not  be  obtained  by  one-color  (green)  laser- 
sheet  visualization  using  either  preformed  particles 
[15]  or  reactive- Mie  scattering  [14]. 

At  a  low  mean  jet  velocity  (Fig.  3a),  the  evolution 
and  growth  of  large-scale  vortices  in  the  shear  layers 
in  the  central  fuel  jet  and  annulus  air  jet  are  clearly 
seen.  The  effects  of  the  flame  are  evident  when  con¬ 
trasting  images  of  an  attached  flame  (Fig.  3a)  and  a 
lifted  flame  (Fig.  3b).  Since  the  liftoff  height  is  large 


(x  ^  10  cm),  the  region  below  the  flame  bitse  is  es¬ 
sentially  identiciil  to  a  cold  jet.  Although  the  insta¬ 
bility  in  the  fuel  jet  and  annulus  iiir  shear  layers  first 
appeared  at  x  0.3  and  2  cm,  respectively,  in  both 
attached  and  lifted  flame  conditions,  the  scides  of 
vortices  downstream  were  .significantly  larger  for  the 
attached  flame  because  of  the  presence  of  the  flame. 
An  increiise  in  visco.sity  («  '),  thermal  expansion 

due  to  a  decrease  in  density  (»=  T"^),  and,  in  turn, 
buoyancy  certainly  affected  the  differences.  Also  no¬ 
ticeable  is  the  enhanced  fuel-air  mixing  below  the 
lifted  flame  as  a  result  of  the  small-scale  turbulence. 

The  visible  (blue)  flame  zone  was  recorded  in  the 
photograph  (Fig.  3a)  in  the  near-jet  field,  and  it 
turned  luminous  (yellow)  because  of  soot  formation 
downstream  (x  >  5  cm).  The  internal  vortex  occa¬ 
sionally  extended  toward  the  visible  flame  zone  (see 
X  33  mm  on  the  left  side),  but  the  dark,  hot  zone 
adjacent  to  the  flame  was  still  thick,  indicating  the 
continuous  flame  zone.  The  external  vortex  down¬ 
stream  engulfed  the  external  air  close  to  the  visible 
flame  zone,  thus  squeezing  the  hot  zone  (see  .x  45 
mm  on  both  sides).  The  luminous  flame  zone  bulged 
out  due  to  both  internal  and  external  vortices  (see  x 
«  SO  mm  on  the  left  and  x  ««  67  mm  on  the  right). 

At  a  high  mean  jet  velocity  (Figs.  3c  and  3d),  the 
events  of  local  e.xtinction  due  to  interference  either 
by  internal  or  external  vortices  were  depicted.  In 
Fig.  3c,  the  inner  vortices  extruded  and  extinguished 
the  flame  zone  locally  (x  «  38  mm  on  the  left  andx 
>  19  mm  on  the  right).  In  Fig.  3d,  only  annulus  mr 
was  seeded;  thus,  the  jet  fluid  appeared  void  black. 
The  engulfment  of  the  external  air  into  the  outer 
vortex  (x  28  mm  on  the  both  sides)  pushed  the 
annulus  air  layer  inward,  and  the  dark  hot  zone  dis¬ 
continued.  The  event  was  in  contrast  to  the  afore¬ 
mentioned  low  jet  velocity  case  in  which  the  flame 
sustained  combustion  (Fig.  3a).  In  both  cases  of  local 
extinction  (Figs.  3c  and  M),  cold  annulus  air  piisses 
through  the  quenched  hole  and  contacts  with  the  jet 
fluid  (methane)  directly.  This  result  explains  the 
large  temperature  fluctuations  (from  room  temper¬ 
ature  to  flame  temperature)  near  the  flame  zone, 
which  were  observed  in  TFP  and  CARS  [15]  mea¬ 
surements.  Moreover,  the  annulus  air  reached  deep 
into  the  mixing  region,  even  near  the  jet  axis  (see 
Fig.  3d;  x  >  6  cm). 

PIV  Measurements 

Fi<njre  4  shows  PIV  photographs  in  the  near-jet 
field^of  a  methane  jet  diffusion  flame  under  internal 
and  external  vortex  interference,  respectively.  A  void 
in  the  particle  image  where  almost  no  particle  is 
present  clearly  shows  a  wake  of  the  fuel  tube  (Fig. 
4a).  The  base  of  the  visible  flame  zone  is  stabilized 
at  the  upper  part  of  the  wake.  The  large-scale  vor¬ 
tices  evolved  in  the  shear  layer  of  the  jet  fluid  (which 
looks  greenish),  grew  downstream,  and  extended 
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y  (mm) 

Fic.  4.  Two-color  PIV  photographs  of  locally  extin¬ 
guished  methane  jet  flames.  =  15  m/s,  =  3  m/s,  At 
=  9  /is.  (a)  Internal  vortex  interference  and  (b)  external 
vortex  interference. 


outward  to  the  flame-zone  location.  Consequently, 
the  dark  hot  zone  became  thin  and  discontinuous  at 
13  mm  on  the  left  and  .t  ^  22  mm  on  the  right. 
On  the  other  hand,  external  vortex  interference  was 
captured  in  Fig.  4b.  Because  the  visible  flame  zone 
was  a  time  exposure  (1/15  s)  image,  it  did  not  match 
the  instantaneous  particle  image,  but  revealed  the 
average  flame-zone  location.  The  outer  vortex  cre¬ 
ated  necking  of  the  annulus  fluid  boundary  at  x  ^ 
24  mm,  thereby  squeezing  the  annulus  fluid  toward 
the  flame  zone.  The  flame  zone  was  locally  extin¬ 
guished  (discontinuous,  dark,  hot  zone)  downstream 
(23  mm  <  x  <  33  mm  on  the  left  and  24  mm  <  x 
<  30  mm  on  the  right),  where  cold  annulus  fluid 
came  in. 

The  instantaneous  two-dimensional  velocity  vec¬ 
tor  field  with  characteristic  boundaries  (Fig.  5) 
shows  features  that  could  not  be  revealed  by  point- 
measurement  techniques  such  as  laser-Doppler 
velocimetry  (LDV)  [14].  In  general,  the  velocity 
field  depended  locally  on  the  ridges  and  troughs  of 


^ANNULUS  FLUID 
BOUNDARY 


•5  0  5 

y  (mm) 


Fig.  5.  Velocity  vector  fields  of  locally  extinguished 
methane  jet  flames.  =  15  m/s,  C7«  =  3  m/s,  =  9  fis. 
(a)  Internal  vortex  interference  and  (b)  e.xtemal  vortex  in- 
terferenc'e.  . 


internal  and  external  large-scale  vortices,  and 
whether  or  not  the  flame  zone  existed.  Furthermore, 
the  zigzag  changes  in  the  directions  of  the  velocity 
vectors  related  to  the  ridges  and  troughs  of  both  in¬ 
ternal  and  external  large  vortices  are  apparent  in  the 
velocity  vector  field.  If  the  average  wave  velocity  of 
the  vortex  train  were  subtracted  from  the  velocity 
vectors,  rotation  of  the  vortices  would  be  visualized 
more  clearly. 

Figure  6  shows  the  mean  axial  {U)  and  radial  (V) 
velocity  components  across  and  along  the  flame  zone 
for  the  PIV  image  and  vector  field  shown  in  Figs.  4a 
and  5a.  At  x  =  4.8  mm  (Figs.  6a  and  6b),  the  laminar 
flame  zone  was  formed  in  a  very  low  velocity  (f/,  V 
<  0.5  m/s)  region  (the  distance  from  the  jet  axis:  y 
—  6  mm)  in  the  extension  of  the  fuel  tube  wake. 
The  jet  fluid  elements  had  much  higher  axial  veloc¬ 
ities  (up  to  22  m/s)  than  those  of  annulus  fluid.  At 
downstream  locations  (x  =  14.9  and  25  mm  and  y 
=  —  6.6  mm)  where  the  flame  was  being  locally  ex¬ 
tinguished,  the  axial  velocity  of  external  fluid  in¬ 
creased  substantially  {U  ^  2-3  m/s),  while  the  radial 
component  remained  small.  The  instantaneous  ve¬ 
locity  distributions  nearly  along  the  flame-zone 
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Fic.  6.  Mean  axiiil  and  radial  velocity  components  across 
a  methane  jet  flame  and  along  the  flame  zone  under  inter¬ 
nal  vortex  interference.  Uj  =  15  m/s.  U,,  =  3  m/s.  (a)  and 
(h)  o«,  X  ~  4.S  mm;  VT,  .v  =  14.9  mm;  0  ♦,  .t  =  2.5 
mm.  (c)  and  (d)  {/  =  “6.6  mm;  am,  tj  =  -6  mm. 

Open  svmlxds,  annulus  fluid;  filled  symbols.  Jet  fluid. 


FiC.  (S.  Schematic  of  vortex-flame  interactions  in  jet  dif¬ 
fusion  flames. 


Fic.  7.  Mean  axial  and  radial  velocity  components  across 
a  methane  jet  flame  and  along  the  flame  zone  under  e.xter- 
nal  vortex  interference.  Uj  =  15  m/s,  U„  =  3  m/s.  (a)  and 
(b)  0,x  =  20.4  mm;  VV.  =  25.2  mm;  0  =  30.1 

AA.  x  =  .34.9  mm.  (c)  and  (d)  cm,  tj  =  -7.5  mm; 
>,//=-  6.9  mm.  Open  symbols,  annulus  fluid;  filled  sym- 
b{)Is,  jet  fluid. 


fades  out  and  the  external  fluid  flows  at  shallow  an¬ 
gles  with  the  jet  axis  (10  mm  <  x  <  16  mm),  the 
axial  velocities  increased  to  -^3  m/s.  As  the  jet  fluid 
extended  out  in  the  extinguished  region  {x  <  16 
mm),  the  axial  velocity  fluctuated  significantly  (0-10 
m/s). 

Figure  7  shows  the  mean  axial  and  radial  velocity 
across  and  along  the  flame  zone  for  the  PIV  image 
and  vector  field  in  Figs.  4b  and  5b.  At  x  =  20.4  mm 
(Fig.  7a),  the  flame  zone  was  formed  at  a  radial  lo¬ 
cation  {y  ^  —7  mm),  where  the  axial  velocity  profile 
showed  a  small  dip  around  U  ^  3  m/s.  At  x  =  25.2 
mm,  where  the  flame  wiis  quenched,  the  axial  veloc¬ 
ity  was  higher  (4  to  5  m/s).  Farther  downstream  (x 
=  34.9  mm),  the  axial  velocity  was  lower  again  (*^2.5 
m/s),  and  the  flame  zone  existed.  The  radial  velocity 
component  (Fig.  7b)  showed  complicated  distribu¬ 
tions,  largely  depending  on  the  local  vortex  struc¬ 
ture.  The  axial  distributions  of  U  and  V  nearly  along 
the  flame-zone  location  (Figs.  7c  and  7d)  show  in¬ 
teresting  features  related  to  the  vortex  structure  and 
local  extinction:  The  sudden  increase  in  U  was  ob¬ 
vious  as  a  result  of  local  extinction,  and  the  sign  of 
V  changed  depending  on  the  internal  vortices. 

Local  Extinction  Mechanmm 


location  (Figs.  6c  and  6d)  revealed  typical  features 
in  the  vortex-flame  interactions  and  local  extinction. 
In  the  region  where  the  flame  zone  exists  (x  <  10 
mm),  the  annulus  fluid  elements  pass  through  the 
flame  zone  at  relatively  low  velocities  (C/  <  1  m/s,  V 
<  1  m/s).  In  the  region  where  the  visible  flame  zone 


Figure  8  shows  a  conceptual  illustration  depicting 
several  features  of  vortex-flame  interactions  in  a  dou¬ 
ble-concentric  jet  diffusion  flame.  As  the  jet  spread 
downstream,  timescales  for  both  convective  and  dif¬ 
fusive  transport  processes  decrease  because  of  lower 
velocities  and  smaller  concentration  gradients. 
Longer  residence  times  allow  fuel  pyrolysis  and  soot 
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formation,  and  the  visible  flame  turns  luminous.  The 
flame  zone  can  bulge  out  in  response  to  the  vortical 
motion  in  both  inteniiil  and  external  structures.  Bv 
contrast,  in  the  near-jet  region,  the  velocity  of  the 
annulus  fluid  pcissing  through  the  flame  zone  is  large. 
The  flame  zone  therefore  shifts  inward,  that  is,  closer 
to  the  jet-annulus  fluid  boundary,  where  the  radial 
gradients  of  the  mean  iucial  velocity,  fuel  concentra¬ 
tion,  and,  in  turn,  fuel  diffusive  flux  are  larger,  to 
match  with  an  increased  oxvgen  flux.  As  a  result,  the 
thickness  of  the  diffusive  layer  between  the  jet 
boundary  and  the  flame  zone  becomes  thin;  thus,  the 
flame  becomes  more  strained  and  loses  its  radial  mo¬ 
bility.  Based  on  the  current  and  previous  [14,15]  ex¬ 
perimental  findings  and  the  recent  [26]  results  of 
direct  numerical  simulations  of  laminar  diffusion 
flames  in  which  an  artificial  vortex  is  ejected  as  a  side 
jet  toward  the  flame  zone  from  either  the  fuel  side 
or  the  air  side,  two  distinct  local  flame  extinction 
mechanisms  are  considered  iis  follows. 

1.  The  local  extinction  caused  by  internal  vortices 
is  largely  due  to  unsteady  transport  effects  on  chem¬ 
ical  Idnetics.  The  characteristic  diffusion  time  was 
estimated  as  ^30  ms,  and  the  internal  vortex  transit 
time  was  estimated  as  --0.8  ms  (consistent  with  the 
crossing  frequency  of  the  jet  fluid  ^1250  Hz)  [15]; 
thus,  the  Peclet  number  for  mass  transport  (i.e.,  a 
ratio  of  these  two  times)  was  relatively  large  (*^40). 
Therefore,  if  an  internal  vortex  extends  toward  the 
flame  zone,  there  is  not  sufficient  time  to  re-establish 
the  fuel  concentration  field,  and  thus,  the  vortex  with 
a  steep  fuel  concentration  gradient  ahead  of  its  lead¬ 
ing  edge  can  reach  the  flame-zone  location  without 
causing  significant  disturbances  in  the  surrounding 
concentration  field.  Consequently,  the  thickness  of 
the  layer  between  the  leading  edge  of  the  vortex  and 
the  flame  zone  (diffusive  layer)  rapidly  becomes 
thin,  and  the  flame  is  subjected  to  an  excessively  high 
fuel  flux  due  to  the  high  concentration  gradient.  In 
addition,  as  a  result  of  the  vortex  motion,  the  con¬ 
vective  contribution  to  the  fuel  flux  increases.  The 
excessive  methane  (and  methyl  radical)  fluxes  into 
the  reaction  zone  may  result  in  scavenging  of  a  rad¬ 
ical  pool,  quenching  exothermic  reactions,  and  re¬ 
ducing  the  flame  temperature  and  thus  the  net  re¬ 
action  and  heat  release  rates. 

2.  The  local  extinction  by  external  vortices  is  also 
an  unsteady  phenomenon,  but  it  occurs  over  a  longer 
timescale  because  of  lower  vortex  frequency.  The 
frequency  can  be  estimated  by  dividing  the  external 
fluid  velocity  (~3  m/s)  by  a  typical  scale  of  the  outer 
structure  (-^15  mm).  This  gives  ^200  Hz,  which  is 
equivalent  to  a  period  of  ~5  ms.  As  the  external 
vortex  squeezes  the  annulus  fluid,  the  entrainment 
flow  passing  through  the  flame  zone  accelerates, 
thereby  reducing  the  residence  time  in  the  reaction 
zone.  In  addition,  the  flame  is  further  pushed  in¬ 
ward,  where  velocity  and  concentration  gradients  are 
steeper,  and  is  more  strained,  further  increasing  the 


reactant  leakage  and  decreitsing  the  flame  temper¬ 
ature  and  the  net  reaction  and  heat  release  rates. 


Conclusions 

The  laser  diagnostic  measurements  have  shed 
light  on  the  transient  interaction  processes  between 
the  diffusion  flame  zone  and  the  internal  and  exter¬ 
nal  vortical  structures  and  on  mechanisms  of  sub¬ 
sequent  local  extinction.  Both  the  internal  shear¬ 
generated  large-scale  vortices  and  external 
shear-buoyancy-induced  vortices  are  responsible  for 
local  flame  extinction.  The  flame  zone  is  locally  ex¬ 
tinguished  if  the  internal  fuel  jet  vortices  approach 
the  flame  zone  in  a  short  period  of  time,  or  if  the 
entrainment  velocity  is  forced  to  increase  due  to  the 
outer  vortical  structure.  The  former  can  be  attrib¬ 
uted  to  a  characteristic  diffusion  time  of  the  fuel, 
which  is  an  order  of  magnitude  longer  than  a  con¬ 
vection  time  associated  with  the  rapid  growth  of  the 
inner  large  structure  (large  Pe  effect)  and  subse¬ 
quent  excess  diffusive  influx  of  methane  into  the 
flame.  The  latter  is  caused  by  an  excess  convective 
inflax  into  the  strained  flame. 
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Abstract 


in  tuAulent  jet  difiusion  flames  of  methane  stabilized  on  a  thick-walled  fuel 
tube  in  coflowing  air.  The  laser-sheet  flow  visualizatitm  technique  revealed  a 
large-scale  turbulent  structure  in  the  intermittent  mixing  layer  inside  the  flamA 
zraie.  Coherent  anti-Stotes  Raman  qwctroscopy  (CARS)  was  used  to 
detennine  the  intennittency  of  the  jet  fluid  (methane)  as  well  as  the  gas 
temperature  >n  the  near-jet  field.  Packets  of  unmixed  fuel,  which  were 
conveyed  by  the  large-scale  vortices  or  more  rapid  radial  ejecticm  (side  jet) 
quenched  the  ^e  zone  locally.  Cold  air  was  then  entrained  in  the 
intermittent  mixing  layer  through  the  quenched  holes  in  the  flamp.  rnnp  Local 
flame  extinction  can  be  attributed  to  an  order-of-magnirnde  longer  diffiision 
time  (rf  the  fuel  ccanpaied  to  convection  times  associated  with  the  large 
structure  and  the  side  jet  in  the  jet-fluid  core.  Ihere  is  not  sufficient  time 
available  to  re-establish  the  mass-flux  field  because  the  unmixed  fuel  packets 
approach  r^idly  and  rqilace  the  gases  in  the  flame  zone,  thereby  quenching 
the  flame  locally.  ^ 


liilroducfion 


The  loc^  extinction  of  jet  diffiision  flames  near  the  laminar-to-turbulent 
flame  transition  point  (breakpoint)  is  a  well-known  phenomenon.^  If  the  flamp 
base  is  stabilized  securely  by  a  bluff  body  or  pilot  flame,  the  flame  zone  may  be 
quenched  locally  a  few  jet  diameters  downstream  before  the  fiamp  Efts  off. 


Oipytight  ©  1993  by  the  American  Institute  of  Aeronautics  and  Astronautics,  hia  All 
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Local  extinction  leads  to  the  fonnation  of  a  stable  split  flame  (i.e.,  a 
combination  erf  a  small  laminar  flame  in  the  vicinity  of  the  burner  rim  and  a 
"lifted"  turbulent  flame  downstream)  in  the  case  of  hydrogen  or 
causes  lifting  of  the  flame  almost  immediately  in  the  case  of  methane.  It 
hag  long  been  postulated'*’*  that  local  extinction  near  the  breakpoint  occurs  as  a 
result  of  turbulence-dieinistty  interactions  (ie.,  the  excess  transport  rate  in 
small-scale  turbulence  compared  to  the  finite  reaction  rate).  However,  the 
diffiision  flame  zone  of  (pure)  hydrocarbons  in  air,  in  general,  resides  m  the 
less-turbulent  external-fluid  flow  outside  the  small-scale  turbulence  region  in 
the  fuel-jet  core.  Hierefore,  it  is  less  likely  that  the  flame  zone  will  interact 
directly  with  the  small-scale  turbulence.  Instead,  the  large-scale  vortices 
generated  in  tiie  shear  layer  near  the  interface  between  the  jet  fluid  and  the 
external  fluid  play  an  important  role  because  fliey  intoectly  affert  the  flow 
of  tiie  external  fluid  passing  through  tiie  flame  zone  and,  in  turn,  the 


flame  structure.  -  u  - 

Vortex-flame  interactions  in  turbulent  methane  jet  diffusion  flames  mve 
been  studied"  by  means  of  laser-sheet  flow  visualization,  Mie 

scattering  and  laser-Doppler  velodmetry  (LDV)  tediniques.  One  physi 
^^’thTvortex-flZ  interactions  has  been  identified  as  the  d«t 
process  in  a  series  of  events  leading  to  local  extinction,  at  . 

S^emistry  takes  over  the  process.  More  specificaUy,  the  fuel  diftoon 
process  reqiSs  an-order-of-magnitude  longer  time  compared  to  the  ^"^eme 
SSS^ed  with  the  large-scale  vortex  struc^  “t?®rl^chme 

ejection  (sidejets)frwn  the  jet-fluid  cote.  Therefore,  fiiel  packed  cm  teac 

ime  zone  toation  without  causing  significant  disturbances  m  the  ^jaant 
concentration  field.  Consequently,  they  replace  the  gases  on  tte  pass^e 
through  the  flame  zone,  thereby  qumching  the  flame  locally.  pape 
^pLents  previous  efforts"  and  reports  new  resulte 
CARS  tiiermometry  and  the  planar  flow  visualization  technique.  The  iwm^ 
purpose  of  this  smdy  is  to  gain  a  better  understanding  of  the  local 
Subsequent  lifting  phenomena.  Further  ^velopment  of  the  proposed  local 
#.vfinr.tjnn  mechanism  is  presented  the  following  sections. 


Experimental  Tedmiques 

Figure  1  shows  the  schematic  of  the  burner  used.  The  burner  consists  of  a 
thick-^ed  fuel  tube  (9.45-mm  inner  diameter,  806-mm  length,  2.^mm  hp 
SlSVmSless  steel)  and  a  concentric  air  tube  (26.92-mm  inner  diamet^ 
?^SSh  wSh  annulus  coflow  air  is  suppUed  -  centered  in  a  low-^^ 
(-0.5  m/s)  external  airstream  in  a  vertical  combustion 
150-  mm  rounded-square  cross  section;  483-mm  length).  ‘ 

ended  at  the  exit,  and  the  air  tube  is  sharp-edged  with  a  tapered  outer  at  a 
half-cone  angle  of  2“.  The  combustion  chimney  has  quartz  wmdows  on  aU 
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sides  to  pennit  visual  observations  and  laser  diagnostics.  The  burner  ass^bly 
is  placed  on  a  custom-niade,  duee-dimensionai  translational  stage  with  a 
digital  positifHi  readout  (SONY  GS-E/LAIO;  5-jjm  accuracy).  Methane 
(>98%)  was  used  as  the  fuel 

The  instantaneous  (10  ns)  planar  flow  visualization  technique  was  used  to 
visualize  the  flow  field.  In  this  technique,  zirconia  particles  (<  1  pm,  97%) 
seeded  into  the  fuel  jet  are  illuminated  by  a  sheet  of  laser  light  ('-0.25-inm 
thickness)  firan  a  pulsed  NtfcYAG  laser  ((Juanta-Ray  DCR-S,  frequency- 
doubled,  532  nm,  -250  mJ)  passing  through  the  jet  axis.  The  direct  image  of 
the  flame  and  Mie  scattering  images  from  the  particles  are  photographed  at 
right  angles  to  the  laser  sheet  using  a  35-nun  camera.  Ibe  visible  (blue)  fiamp. 
zone  locations  are  measured  1^  observing  the  edges  of  the  flame  zone  with  a 
stationary  tdlescope  while  traversing  the  burner  horizontally  by  the 
translational  stage. 

The  CARS  system  (Rg.  2)  used  is  essentially  the  same  as  that  described  by 
Goss  et  aL“.  It  consists  of  a  pulsed  Nd;YAG  laser  (Quanta  Ray  DCR-2A  10-ns 
pulse  width,  10-Hz  repetition  rate),  dye  laser  optics,  incident  and  collection 
optics,  a  3/4-m  grating  qrectrometer  (Spex  1702),  and  a  diode  array  rapid 
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Eig.  2  Schematic  of  die  CARS  system. 


scanning  spectraneter  (DARSS)  detector  system  CTiacor-Northem,  TN-6132) 
with  a  multichannel  analyzer  fTN-lVlO).  The  output  from  the  laser  is 
frequency-doubled  (532  nm,  -150  mJ,  spectral  half-width  at  half-maximum 
(EIWHM)  <  OJ  cm-‘)  and  divided  into  four  beams  of  neatly  equal  intensity. 
Two  of  tbesft  serve  as  the  pump  beams,  while  the  other  two  pump  a  dye  laser 
oscillator  and  anqtlifier.  The  dye  laser  is  concentration-tuned  (dye  solution; 
Rtaodamme  640  in  methanol)  to  provide  a  broadband  (HWHM  -60  cm'O  Stokes 

beam  centered  at  607  nm.  The  red  Stokes  beam  and  the  two  green  pump  beams 
ate  then  ftxnised  together  by  a  25-cm-focal-length  lois  in  a  folded  BOXCARS 
configuration.^  Hie  effective  probe  volume  size  is  estimated  at  qiproximately 
25  pm  in  diameter  and  250  pm  in  kmgtb.  The  CARS  signal  is  collimated  and 
focused  OTto  the  "parent"  slits  of  a  Electrometer  with  a  cylindrical  lens  and 
lecorded  by  a  DARSS  detector  and  multichannel  analyzer.  The  detector 
^nnfaing  1024  jHxels,  and  the  resolution  d  die  system  is  1.24  cm’^  per  pixel. 
TypicaDy,  500  CARS  signals  ate  acquired  at  each  location  and  processed  by  a 
miniconqiuter  (MODCOMP  Classic  32/85). 


Results  and  Discussion 


Planar  Flow  ^sualization 

The  laser-sheet  flow  visualization  tedmiqne  jwovides  qualitative,  but 
useful,  informatinn  on  the  large  vortKt  structure  and  its  interactions  with  toe 
fiattift  zone.  Hgure  3  shows  instantaneous  planar  flow  visualization 
photogrtqihs  of  methane  jet  difiiisicm  flames  at  toree  different  mean  jet 
velocities.  These  Mie  scattering  images  from  jne-seeded,  manufactured 
(zirconia)  partirfes  are  more  grainy  than  toose  obtained  previously**  by  toe 
reactive  Mie  scattering  technique*^  using  1102  particles  formed  from  toe 
reaction  of  seeded  TiCL*  vzpor  and  water  vqxjr  in  toe  combustion  product 
mainly  bccause  of  larger  particle  size.  Although  toe  reactive  Mie  scattering 
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a)  ^  b)  c) 


Fig.  3  Instantaneous  (10  ns)  laser-sheet  Mie  scattering  images  superimposed 
with  time-exposure  (1/60  s)  direct  photographs  of  methane-air  coLuw  jet  diffusion 
flames.  Seed;  Zr02.  ^  3  m/s.  a)  U-  =  6  m/s  (Re,  =  3380),  b)  IT-  =  10  m/s 

(Rej  =  5630),  c)  Uj  =  15.5  m/s  (Rej  =  8740). 


photographs  allow  the  vortex  structure  to  be  examined  in  greater  the  pre- 
se^  method  is  superior  for  marlring  the  boundary  between  the  jet  and  external 
fluids  as  well  as  the  jet  fluid  itself  without  the  potential  complications 
associated  with  the  molecular  diffusion,  mixing,  and  reaction  delay  of  TiCl4 
and  water  vapor.  Since  submicron  size  particles  seeded  into  the  jet  fluid  do  not 
diffuse  into  the  laminar-like  external-fluid  flow  (the  hot  combustion  products) 
either  by  small-scale  turbulent  tranq)ort,  gradient-type  molecular  diffusion,  or 
thermal  diffusion,  they  tend  to  remain  within  the  jet-fluid  convective  boundary, 
at  least,  in  the  near  field  where  the  interface  between  the  jet  and  external  fluids 
is  relatively  clear. 

At  a  low  mean  jet  velocity  (Uj  =  6  m/s;  Kg.  3a),  large-scale  vortices  were 
observed  in  the  near-jet  field  at  heights  from  the  jet  exit  z  >  30  Tuyn,  forming  an 
int^ttent  mixing  layer.  Notice  that  the  jet-external  fluid  boundary  is  weU 
inside  (1-2  mm)  the  visible  (blue)  flame  zone.  As  the  mean  jet  velocity  was 
increased  (Uj  =  10  m/s;  Hg.  3b),  the  large  vortex  structure  extended  outward 
and  occasionally  ^proached  the  visible  flame  zone.  As  Uj  was  increased 
further  to  '-IS  m/s,  the  local  quenching  became  visible  to  the  naked  eye.  The 
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ftequency  and  area  of  local  extinction  increased,  and  die  vibratory  movement  of 
the  downstream  portion  (rf  the  flame  started  in  the  range  of  10  <  z  <  60  mm. 
At  a  high  mean  jet  velocity  {Uj  =  155  m/s;  Fig.  3c)  near  the  critical  mean  jet 
velocity  at  lifting  (Ujc  =  16.5-17  m/s  at  !/„  =  3  m/s),i  the  flame  zone  was  almost 
continuously  extinguished  in  the  range  of  10  <  z  <  60  mm.  As  a  result,  a  split 
fiatnft  was  formed  just  before  the  entire  flame  lifted  off  As  cold  ambient  air 
was  ppti-aiiMvi  into  the  intMmittent  mixing  layer  through  the  quenched  region, 
the  yellow  luminosity  due  to  the  blade-body  radiation  fiom  soot  particles  was 
suppressed  significantly. 


CARS  Measni«iient  •  ^  i 

In  CARS  thennometry,  temperatures  are  determined  by  comparing  actual 
nitrogen  ^tra  to  tiieoretically  calculated  qtectra  usmg  a  least-square  methi^ 
gignai  interference  by  onmixed  methane  in  the  intermittent  mixing  layer  m  the 
near-jet  region  presented  some  difficulties.  Figure  4  shows  typic^ 
spectra  obtained  fiom  the  same  location  but  at  different  times.  Rgure  4a  shows 
a  nitrogen  spectrum,  without  interference,  which  is  composed  of  two  peaks,  a 
large  primary  peak  (based  on  the  lowest  vibrational  level,  v  =  0)  and  a  small 

side  peak  (V  =1).  Figure  4b  shows  a  spectrum  contaminated  by  nonresonant, 

background  interference  fiom  methane.  The  nitrogen  peaks  were  se^  on  a 
broad  background  shift.  For  such  a  qiecirum,  the  temperature  cottid  not  be 
determined  accurately.  Iherefore,  the  temperature  measu^ent^  ^i, 
the  region  outside  the  boundary  between  unmixed  jet  flmd  (methane)  and  the 


external  fluid  ,  .  ,  i 

Fortunately,  since  the  jet-extemal  fluid  boundary  was  relatively  clear  m  the 

near-jet  region,  the  ftaction  of  CARS  realizations  for  which  the  metha^ 
interference  was  observed  in  the  total  number  of  data  at  each  locattou  coul 
iiriiirftii  to  dPtennine  the  inletmittency  of  tiie  jet  fluid  (/ ).  The  intermittency 
represents  the  time  ftaction  of  jet  fluid  (unmixed  methane)  pr^nt  at  a 
narticular  location.  To  determine  the  presence  of  unmixed  methane,  e^ 

CARS  spectrum  was  inspected  at  the  base  of  the  V  =  1  peak(atawaMenum 
of  the  V  =  0  peak  less  74  cm-i).  A  signal  intensity  normalized  by  the  v  =  U 

peak  value  that  exceeds  a  threshold  value  indicates  that  unmixed  methane  is 
present  Tbe  threshold  value  (0.15)  was  set  based  on  the  measurement  at  a 
height  dose  to  the  jet  exit  (z  =  5  mm)  such  that  tte  radial  location  at  which  I 
=  05  with  the  inner  edge  of  the  burner  rim  (r  ~4.7  mm). 

Figure  5  shows  the  radial  profiles  of  the  mean  gas  temperature,  the  root- 
mean-square  (tms)  temperature  fluctuation,  and  the  intennioency  (rf  the  jet 
fluid  at  z  =  15  mm  for  three  different  mean  jet  velocities.  The  radial  lo^tiOTS 
of  the  visible  flame  zone  and  the  burner  rim  ate  also  induded  in  the  figure. 
The  error  bar  on  the  mean  temperature  data  point  shows  the  miniinum  md 
maximum  temperatures  in  a  data  set  of  vatid  (without  interference) 
measurements.  The  dotted  curve  shows  the  intermittency  obtained  previously 
by  using  the  real-time  Mie  scattering  technique.  Despite  the  two  distinct 
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Fig.  4  W2  CARS  spectra.  Uj  =  15  m/s,  =  3  m/s,  15  mm,  r  =  6  mm. 
a)  Spectrum  without  interference,  b)  Spectrum  with  interference  by  nonresonant 
background  signal  from  CH4. 


marking  media  and  detection  criteria,  the  results  are  in  £aiily  good  agreement, 
although  smne  diffaence  exists  in  the  sensitivi^  (sl(q)e). 

At  a  low  mean  jet  velocity  (Uj  =  6  m/s,  Fig.  5a),  the  intennitiency  was 
unity  in  the  potential  core  tegum  (r  <  4  J  mm)  and  decreased  markedly  in  the 
intermittent  mixing  layer  (4  J  <  r  <  5.5  mm),  vanishing  to  zero  at  a  location 
(r~6  mm)  well  inside  (the  hiel  side  of)  the  visible  flame  region 
(6.9  <  r  <  7.3  mm).  The  unmixed  fuel  packet  rarely  reached  the  flame  zone 
location.  This  result  is  consistent  with  the  photogr^hic  observations  described 
in  the  preceding  section  (Hg.  3a).  The  fuel  molecules  woe  thus  transported 
from  the  jet*extemal  fluid  boundary  to  die  flame  zone  by  molecular  diffusim. 


Fig.  5  Radial  proHles  of  the  mean  temperature,  rms  fluctuation,  and 
intermittenqr  of  the  jet  fluid  at  three  different  mean  jet  velocities.  mean 
temperature;  V,  rms  fluctuation;  0,  Intermittency.  =  3  m/s,  z  =  15  mm. 
a)  Uj=i6m/Sfh)  s  10  m/s,  c)  Uj  =  15m/s, 
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r  (mm) 


Fig.  5  (continued)  Radial  profiles  of  the  mean  temperature,  rms  fluctuation,  and 
intermittency  of  the  Jet  fluid  at  three  different  mean  jet  velocities.  •,  mean 
temperature;  V, rms  fluctuation; 0, intermittency.  D’0  =  3m/s,z=15mm.  a)  {^*=6 
miSfh)  Ujs  10  m/s,  c)  a  15  m/s. 


^ical  of  laminar  difEusiCHi  flames.  Hie  mean  flame  temperatnre  peaked  at  the 
inner  edge  of  the  visible  flame  zone  and  was  approximately  2100  K  -  about 
110  K  lower  than  the  adiabatic  flame  temperatnie  of  the  stoichiometric 
meihane*air  mixture.  The  ims  fluctuation  was  tnaTimnm  (~300  K)  in  the  outer 
thermal  layer  on  the  air  side  of  the  flame  zone. 

At  a  moderate  mean  jet  vdodty  (Uj  =  10  m/s;  Rg.  5b),  the  peak  (mean) 
tempaature  decreased  significantly  (~1900  K).  The  intermittency  curve 
expanded  outward,  and  the  inna  edge  of  the  visible  flame  zone  ^lifted  slightly 
inward.  As  a  result,  the  radial  locatum  at  wMch  intennittency  vanished 
(r  ~6  J  mm)  was  nearly  coincident  with  the  inna  edge  of  the  visible  flame  zone 
(6.6  <  r  <  12  mm).  This  finding  is  again  consistait  widi  the  photographic 
observation  (Hg.  3b).  The  interaction  between  the  large-scale  vottex  and  the 
flame  zone  became  flutha  evident  at  Uj  =  15  m/s  (Hg.  5c).  Intomittency  at 
the  iuna  edge  of  the  vi^le  flame  zone  was  ~0.1.  hi  otha  words,  the  unmixed 
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Fig.  6  (continued)  Radial  profiles  of  the  mean  temperature,  rms  fluctuation,  and 
intermittency  of  the  Jet  fluid  at  three  different  heights.  •,  mean  temperature;  V,  rms 

fluctuation;  0, intermittency.  15  m/s,  1/^  =  3  m/s. a)z  =  5  mm,  b)z ~  15 mm, c) z 
=  25  mm. 


fuel  packet  reached  the  flame  zone  location  approximately  10%  of  the  time. 
Further,  although  the  peak  (mean)  temperature  remained  the  same  as  that  at 
10  m/s,  the  minimum  temperature  in  the  visible  flame  zone  decreased 
substantially  due  to  occasional  entrainment  of  the  ambient  air. 

Figure  6  shows  the  radial  profiles  of  the  mean  gas  temperature,  the  rms 
fluctuation,  and  the  intermittency  of  the  jet  fluid  at  a  near-limit  mean  jet 
velocity  (I^f  =  16.5  m/s)  at  diflerent  heights.  The  Mie  scattering 
measurement  could  not  be  made  under  this  flow  condition  because  seeding 
induced  flame-lifting  prematurely.  A  comparison  of  Fig.  6b  with  Rg.  5c 
revealed  dramatic  changes.  The  minimum  temperature  dropped  to  room 
temperature  at  locations  throughout  the  inner  region  (to  r  -5.3  mm)  where 
intermittency  increased  to  about  0.5.  This  result  evidenced  that  cold  air  was 
entrained  into  the  intermittent  mixing  layer  on  the  fuel  side  of  the  flame  zone 
through  the  quenched  region.  Consequently,  the  peak  (mean)  temperature 
decreased  further  (-1500  IQ,  and  the  rnis  fluctuation  increased  (-500  K).  Ata 
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higher  location  (z  =  25  mm;  Hg.  6c),  the  trends  described  above  were  even 
further  enhanced;  cold  air  was  engulfed  in  the  large  vortex  more  deeply. 
Further,  the  maximum  temperature  in  a  data  set  on  the  air  side  of  the  flame 
zone  increased  due  to  fragmented  hot-gas  packets  ejected  sporadically.  On  the 
other  hand,  at  a  height  close  to  the  jet  exit  (z  =  5  mm;  Fig.  6c),  the  temperature 
and  inteimittency  profiles  show  a  typical  "laminar"  flame  structure  similar  to 
that  of  the  low-velocity  case  shown  in  Fig.  5a.  Because  the  height  from  the  jet 
exit  was  less  than  the  breakpoint,  the  flame  zone  resided  (5.9  <  r  <  6.1  mm) 
outside  the  intermittent  mixing  layer  (4.5  <r<  5.5  mm).  Thus,  the  flame  zone 
appeared  to  be  laminar  and  the  peak  (mean)  temperature  was  relatively  high 
(-1900  K). 

Figure  7  shows  the  probability-density  functions  (pdf),  or  probability- 
density  histograms,  of  the  measured  temperatures  at  several  radial  locations  for 
two  different  mean  jet  velocities  (Uj=  15, 16.5  m/s).  The  locations  of  the  visible 
flame  zone  were  s^jproximately  r  =  6.2  to  12  and  6.3  to  6.7  mm,  respectively. 
At  Uj  =  15  m/s  and  r  =  8.8  mm  (Hg.  7a),  the  pdf  showed  a  sharp  peak  near 
room  temperature.  In  the  outer  hot-boundary  region  (r  =  7.8,  7.3  mm),  the  pdf 
spread  over  a  wide  range  and  the  peak  shifted  gradually  toward  higher 
temperatures.  In  the  flame  zone  and  its  fuel  side  (r  =  6.8,  6.4,  6.0,  5.6  mm), 
rel^vely  narrow  distributions  were  maintained.  By  contrast,  the  pdf  at 
Uj-\6  5  m/s  (rig.  7b)  showed  distinct  behavior,  resulting  from  more 
continuous  flame  extinction.  The  pdf  peak  near  room  temperature  was 
observed  on  the  air  side  of  the  flame  zone  (r  =  8.9,  7.9  mm).  Bimodal 
distributions  were  observed  in  the  close  proximity  to  the  flame  zone  (r  =  7.4, 
6.9  mm).  The  pdf  was  distributed  over  a  wide  range  (including  room 
temperature)  even  on  the  fuel  side  of  the  flame  zone  (r  =  6.5,  6.1,  5.7  mm). 
Thus,  cold  air  evidently  passed  through  the  quenched  zone,  being  engulfed  in 
the  large-scale  vortex  in  the  intermittent  mixing  layer. 

Hgure  8  shows  the  effect  of  the  mean  jet  velocity  on  the  radial  locations  of 
three  different  inteimittency  values  (f  =  0.1,  0.5,  0.9)  and  the  visible  flamf* 
zone  (Rg.  8a)  and  the  mean  and  rms  temperatures  in  the  flame  zone  (Hg.  8b). 
The  burner  rim  location  is  also  included  in  Hg.  8a.  As  the  mean  jet  velocity 
was  increased,  the  intermittent  mixing  layer  spread  outward  (see  I  =  0.1  in 
Hg.  8a),  whereas  the  visible  flame  zone  shifted  inward.  The  apparent  visible 
flame  thickness  increased  slightly,  probably  because  of  flame  wrinkling  or 
transient  radial  movement  which  were  the  result  of  increased  interaction  with 
the  large  vortex  rather  than  broadening  of  the  reaction  zone  itself.  The  (time- 
averaged)  thickness  of  the  fuel  transport  layer,  defined  as  the  radial  distance 
between  a  constant  inteimittency  curve  (e.g.,  /  =  0.5)  and  the  center  of  the 
flame  zone,  deoeased  slightly.  Thus,  the  characteristic  diffusion  time 
decreased.  The  /  =  0.1  curve  merged  with  the  inner  edge  of  the  visible  flame 
zone  at  Uj  -15  m/s,  at  which  point  the  local  extinction  was  first  noticed.  As 
the  mean  jet  velocity  was  increased  further,  the  degree  of  local  extinction  in 
terms  of  area  size  and  frequency  inaeased,  and  the  apparent  visible  flame  zone 
eventually  faded  out  at  the  lifting  limit  {Uj  =  16.5  to  17  m/s). 


SO 
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Hguie  8b  shows  the  variations  in  the  mean  and  rms  temperatures  in  the 
flame  zone  (at  radial  locations  shown  by  cross  points  in  Fig.  8a).  The  error  bar 
shows  thf!  mmimiTm  anA  maTimiim  tflmpftratiiTfts  in  a  data  set  at  a  fixed  As 
the  mean  jet  velocity  was  inaeased,  the  peak  (mean)  temperature  in  the  flame 

zone  (ff)  decreased  in  the  low  vdodty  range  (.6<Uj<  10  m/s)  -  the  range  in 

which  the  flame  zone  was  pushed  intt)  the  outer  boundary  region  of  the 
intermittent  mixing  layer  by  increased  eniraiTiTnent  flow  velocity.  The  peak 
(mean)  tempoature  remained  constant  in  the  range  of  10  <  <  15  m/s.  It 

decreased  again  when  local  extinction  started  at  l/j  ~15  m/s,  allowing  cold  air 
to  be  entrained  into  the  intermittent  mixing  layer  though  the  quenched  region. 
As  a  result,  the  ims  fluctuation  increased  from  ~150  K  to  -500  K. 

Local  Extinction  Mechanism 

With  the  asdstance  of  the  results  obtained  previously  by  means  of  the 
laser-Dr^pler  velodmetry  and  the  real-time  Mie  scattering  techniques'^ 
togetho'  with  the  results  presented  in  this  paper,  fhe  interactions  between  the 
large-scale  vortra  structure  and  the  flamp.  zone,  leading  to  local  extinction,  are 
illustrated  in  Figure  9.  The  large-scale  vortex  train,  consisting  of  nearly  pure 


(L 


Fig.  9  Schematic  illiistratioii  of  the 
vortex-flame  interactions  in  the  near 
field  of  turbulent  methane  jet  diffusion 
fhimes. 
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fuel,  moves  in  the  axial  direction  at  a  relatively  high  speed  {Um  -9.1  m/s)“  in 
the  core  region.  The  fuel  molecules  difiiise  outward  against  the  incoming 
external-fluid  convection  crossing  the  flame  zone.  "ITie  diffusion  flame  zone  is 
formed  where  the  mass  fluxes  of  the  fuel  and  oxygen  are  in  stoichiometric 
proportion.  As  the  local  extinction  limit  is  approached,  the  radial  velocity 
component  of  the  incoming  external-fluid  flow  and,  in  turn,  the  convection 
contribution  to  the  oxygen  mass  flux  increase.  As  a  result,  the  flame  zone  in 
the  near-jet  region  (z  <  60  mm)  shifts  inward  to  a  location  where  higher  fuel 
mass  flux  can  be  obtained  by  diffusion  to  balance  with  the  increased  oxygen 
mass  flux.  Thus,  the  transport  (diffusion  and  thermal)  layer  becomes  thinner. 
The  flame  zone  is  thereby  strained  and  loses  its  radial  mobility.  The  UDV  and 
real-time  Mie  scattering  measurements*^  provided  the  velocity  and  time-scale 
information  on  the  large-scale  vortex  structure,  thus  enabling  order-of- 
magnitude  comparisons  to  be  made  between  some  characteristic  omps  under 
the  near-limit  condition. 

The  characteristic  diffusion  time  of  the  fuel  from  the  jet-fluid  core  to  the 
flame  zone  (x^)  is  estimated  as** 

^<r=(5rf)^/f>-30ms  (1) 

based  on  the  diffusion  coefficient  of  methane  at  1500  K  (0.7  cm^/s)  and  the 
transport  layer  thickness  (8j=  1.5  mm).  The  residence  time  (x,.)  of  the 
incoming  external  fluid  in  the  flame  zone  is  estimated  as 


x^=  Sy/IVjr  l~2ms  (2) 

based  on  the  apparent  visible  flame  zone  thickness  (5^  -1  mm;  Kg.  5b)t  and 
the  radial  velocity  component  of  the  flow  crossing  the  flame  zone 
(VJr  -  -  OJ  m/s  at  Uj=  15  m/s).*i  Unfortunately,  information  on  the  species 
concentrations  is  not  available,  and  the  assessment  of  the  chemical  reaction 
time  (x^)  cannot  be  made  directly.  However,  for  a  stable  flame  zone  for  which 
the  influence  of  the  large  vortex  is  absent,  the  chemical  reactions  must  be 
completed  within  the  residence  time  in  the  flame  zone.  Thus,  x,<x  , 
Therefore,  the  second  Damkdhler  number*®  (i.e.,  the  ratio  of  a  characteristic 
diffusion  time  to  a  characteristic  chemical  reaction  time)  is  more  than  unity 


In  laminar  diffusion  flames,  in  general,  the  reaction  rone  where  the  heat-release  rate 
IS  positive  IS  broadened  over  sevral  times  the  visible  flame  zone  thickncss.*^-!^  Further, 
^e  apparent  visible  flame  zone  determined  here  be  interpreted  as  an  envelope  of 
toe  thinner  wrinkly  laminar  flame.  Thus,  the  assessment  for  the  residence  time  in  the 
flame  zone  is  ambiguous,  but  it  must  not  make  an  oder-of-magnitude  difference. 
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perhaps  the  order  of  ten.  The  chemical  reaction  rate  is  fast  compared  to  the 
rate-determining  fuel  transport  rate  by  diffusion.  Thus,  without  the  vortex 
influence,  the  flame  zone  must  be  stable  compared  to  the  critical  condition  for 
stretch-induced  extinction. 

Tlie  fuel  concentration  fluctuation  time  (convection  time)  due  to  the  large 
vortex  structure  in  the  jet-fluid  core  (t^)  is  estimated  as^^ 


fi/2  0.8  ms  (3) 

based  on  the  measured  aossing  frequency  {fy2  =  1330  Hz  at  Uj  =  15  m/s),^^ 
i.e.,  the  number  of  crossings  from  jet  to  external  fluid  per  unit  time.  The  fuel 
concentration  fluctuation  time  (convection  time)  due  to  sporadic  radial  mass 
ejection  (side  jet)  from  the  jet-fluid  core  (t„)  is  estimated  as^^ 


'im=  ~0-2nis  (4) 

based  on  the  maximum  radial  velodty*(l^  -6.6  in/s)“  and  the  same  transport 
layer  thickness.  Therefore,  the  Pecret  number  for  mass  diffusion^^  (i.e.,  the 
ratio  of  a  characteristic  diflusion  time  to  a  characteristic  convection  time)  is 
more  than  the  order  of  ten  or  even  a  hundred.  The  diffusion  process  requires, 
at  least,  an  order-of-magnitude  longer  time  than  the  convective  motion  of  either 
large  vortices  or  more  rapid  radial  mass  ejection.  Thus,  time  is  not  available  to 
re-establish  the  mass-flux  field  in  response  to  the  fuel-concentration  variations 
in  the  core  region  caused  by  rapid  convective  motion.  Therefore,  the  mass-flux 
field  in  the  vicinity  of  the  flame  zone  is  relatively  insensitive  to  the  movement 
of  the  inner  vortices;  consequently,  the  flame  zone  location  eventually  remains 
stationary.  As  a  result,  the  unmixed  fiiel  packets  conveyed  by  the  large-scale 
vortex  or  radial  mass  ejection  can  reach  the  flame  zone  location  by  replacing 
the  gases  on  the  way  through  the  flame  zone  without  causing  significant 
disturbances  in  the  adjacent  mass-flux  field.  Consequently,  the  diffusion  flame 
is  locally  quenched  as  the  gas  in  a  stoichiometric  mass-flux  balance  is  simply 
replaced  with  the  unmixed  fuel  packet  This  cause  of  extinction  is  apparently 
different  from  the  stretch-induced  extinction  that  occurs  in  a  more  gradual 
manner.  The  local  extinction  phenomenon  reported  in  this  paper  must  be 
categorized  m  a  different  regime. 


Conclusions 

The  CARS  thermometry  measurement,  together  with  the  real-time  Mie 
scattering  and  LDV  measurements  made  previously,  in  the  near-jet  region  of 
turbulent  methane  jet  diffusion  flames  provide  physical  insight  into  the 
dynamic  vortex-flame  interactions  which  lead  to  local  extinction  and 


95 


F.TAKAHASHI  AND  M.  D.  VANGSNESS 


subsequent  flamo.  lifting.  The  diffusion  pn)cess  needs  at  least  an  oider-of- 
longer  time  compared  to  convection  times  due  to  the  large-scale 
vortices  in  the  jet-fluid  core  and  radial  mass  qection  (side  jets)  ftom  the  core. 
As  a  result,  the  fiamp.  is  insensitive  to  tiie  high-ftequency  fluctuation  of  the  fuel 
concentration  in  the  core,  and  the  unmixed  fuel  packets  can  teach  the  flame 
zone  locatif>n  without  causing  significant  disturbances  m  the  species  ma^-flux 
field,  thMeby  locally  quenching  the  flame  zone.  Thus,  local  flame  extinction 
the  btealq)Oint  occurs  primarily  because  of  physical  processes,  rather  than 
the  turbulence-chemistry  interactions  although  the  fimte-rate  diemistry  must 
play  a  role  in  the  final  stage  of  the  extinction  process.  A  proper  assessment  of 
characteristic  time  scales  is  necessary  -  evmi  in  a  more  intense  turbulent 
combustimi  field  in  which  the  turbulence-chemistry  interactions  become 
evident 
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Unsteady  chemical  kinetic  effects  on  the  dynamics  of  local  extinction  of  laminar  methane  jet  diffusion 
flames  have  been  studied  by  direct  numerical  simulations  in  which  an  artificial  vortex  issues  radially  from 
either  fuel-jet  core  or  ambient  air  toward  the  flame  zone.  The  simulations  were  motivated  by  experimental 
observations  of  naturally  forming  internal  and  external  shear-generated  vortices  that  interfere  with  the 
flame  zone.  A  time-dependent,  axisymmetric,  implicit,  third-order  accurate  numerical  model  is  used  with 
variable  transport  properties  and  a  semidetailed  chemical  kinetic  model.  A  packet  of  fluid  (with  a  local 
composition)  is  ejected  outward  or  inward  as  a  single-pulsed  side  jet  at  a  given  ejection  velocity  and  period. 
A  vortex  system  with  a  pair  of  counterrotating  toroidal  vortex  rings  is  formed  and  penetrated  into  the  high- 
temperature  Niscous  layer.  The  unsteady  vortex-flame  interaction  is  divided  into  three  sequential  and  over¬ 
lapping  regimes  based  on  the  controlling  processes:  diffusion,  convection,  and  chemic^  kinetics.  In  the 
first  two  physical  interaction  regimes,  the  reaction  and  heat-release  rates  increase  because  of  increased 
reactant  flaxes  by  diffusion  and  convection.  The  detailed  mechanisms  of  the  final  chemicaI-kinetic-<*on- 
trolled  regime  depend  on  whether  the  vortex  is  ejected  from  the  fuel  side  or  air  side.  The  local  extinction 
by  the  outward  fuel-side  vortex  is  largely  attributable  to  excess  fluxes  of  methane  and  methyl  radicals, 
which  scavenge  a  radical  pool  (OH,  H.  and  O),  thereby  terminating  chain  reactions.  The  inward  air-side 
N'ortex  induces  an  excess  oxygen  flux  primarily  by  convection,  thereby  accelerating  tlie  reactant  leakage 
through  the  reaction  zone  and  the  temperature  decrease. 


Introduction 

Extinction  of  diffusion  flames  has  long  been  stud¬ 
ied  predominantly  in  steady  laminar  counterfiow  dif¬ 
fusion  flames  [1,2]  since  a  pioneering  work  bv  Tsuji 
and  Yamaoka  [3].  Stretch-induced  flame  extinction 
occurs  as  a  result  of  reduced  Damkholer  number 
(i.e.,  the  ratio  of  a  characteristic  flow  [or  diffusion] 
time  to  reaction  time)  and  subsequent  decrease  in 
the  flame  temperature  and  reaction  rates.  Although 
the  phenomenon  is  well  understood  in  a  global  sense 
for  its  simple  chemistry  and  flow  configurations,  var¬ 
ious  aspects  of  the  subject  need  further  investiga¬ 
tion.  The  laminar  flamelet  model  [4]  assumes  that 
turbulent  diffusion  flames  are  composed  of  ensem¬ 
bles  of  wrinkled,  moxing,  laminar  diffusion  flame 
sheets  and  that  sufficiently  high  strain  rates  (velocity 
gradients)  cause  local  flamelet  extinctions.  Hence, 
questions  arise  as  to  how  the  structure  of  the  laminar 
flamelets  changes  in  response  to  local  turbulent  mo¬ 
tions  and  whether  the  results  obtained  in  steady  (and 


stationary)  counterflow  diffusion  flames  are  appli¬ 
cable  to  such  flamelet  extinction.  Complexities  in 
practical  turbulent  flames  stem  from  three-dimen¬ 
sional,  transient,  turbulence-flame  interactions  in¬ 
cluding  the  effects  of  strain  rate,  unsteadiness,  flame 
curvature,  and  chemical  kinetics.  Although  some  of 
tliese  effects  on  diffusion  flame  extinction  have  re¬ 
ceived  increased  attention  in  recent  years  [5-9],  lit¬ 
tle  is  known  about  unsteady  chemical  kinetic  effects 
on  the  interactions  between  vortices  and  flame  zone 
that  eventually  lead  to  local  extinction. 

As  the  fuel  jet  velocity  is  increased  in  a  jet  diffu¬ 
sion  flame,  local  extinction  occurs  near  the  laminar- 
to-turbulent  flame  transition  point  as  a  result  of  vor- 
tex-fiame  interactions  [10-14].  A  series  of  recent 
e.xperiments  [15-18]  in  methane  jet  diffusion  flames 
using  a  variety  of  laser  diagnostic  techniques  re¬ 
vealed  that  local  extinction  occurred  in  two  stages: 
physical  and  chemical  interactions.  The  physical  in¬ 
teraction  is  caused  mainly  by  convective  motions; 
that  is,  the  internal  large-scale  vortex  rapidly  reaches 


99 


LAMINAR  DIFFUSION  FLAMES 


TABLE  1 
Test  conditions 


Case 

No. 

(nVs) 

U„ 

(m/s) 

(m/s) 

(ms) 

Pc 

1 

1.5 

1.5 

7 

0.5 

100 

0 

1.5 

1.5 

14 

0.5 

220 

3 

15 

3 

20 

0.06 

260 

4 

15 

3 

-4 

0.06 

140 

the  flame  zone  location  or  the  external  vortex  accel¬ 
erates  the  entrainment  flow  passing  through  the 
flame  zone  [  18].  The  chemical  interaction  in  the  final 
stage  is  speculated  [16]  to  be  coupled  with  an  excess 
fuel  diffusion  process  but  is  largely  unknown  due  to 
lack  of  knowledge  of  temporal  variations  in  the  con¬ 
centrations  of  species,  particularly  radicals. 

Recent  development  of  numerical  codes  for  study¬ 
ing  various  aspects  of  transient  behaviors  of  flames 
[19-21]  has  enabled  us  to  simulate  more  challenging 
numerical  experiments  with  sufficientK*  high  accu¬ 
racy.  The  physical  aspect  of  vortex-flame  interactions 
were  studied  previously  [22]  by  assuming  infinitely 
fast  one-step  chemical  kinetics  and  unity  Lewis 
number.  An  attempt  was  made  to  simulate  the  tran¬ 
sient  response  of  a  laminar  flame  zone  to  an  artificial 
vortex  that  issues  from  a  side  jet.  Although  the  fluid 
dvnamic  and  transport  phenomena  of  vortex-flame 
interactions  have  been  simulated  successfully,  the 
fiist  chemistry'  model  prohibited  further  investiga¬ 
tion  of  the  chemical  aspect  of  local  extinction  phe¬ 
nomena.  A  semidetiiiled  chemical  kinetic  model  for 
methane  combustion  has  recently  been  incorporated 
into  the  code  and  validated  [23]  using  the  experi¬ 
mental  results  of  counterflow  diffusion  flames  [8].  In 
this  work,  the  first  numerical  experiments  were  con¬ 
ducted  on  the  local  extinction  of  diffusion  flames 
caused  b\'  an  artificial  vortex  that  issues  from  the 
fuel-jet  core  or  ambient  air.  The  primary'  objectives 
of  this  study  are  (1)  to  reveal  physical  and  chemical 
aspects  of  local  extinction  caused  by  vortex-flame  in¬ 
teractions  (particularly  the  effects  of  unsteadiness 
and  chemical  kinetics  in  nonstationary'  flames)  and 
(2)  to  contribute  to  a  better  understanding  and  fur¬ 
ther  development  of  laminar  flamelet  models  for  tur¬ 
bulent  diffusion  flames. 


Numerical  Models 

Time-dependent  governing  equations,  expressed 
in  cylindrical  coordinates,  consist  of  mass  continuity, 
axial  and  radial  momentum  conservation,  energv' 
conservation,  and  species  conservation  equations 
with  the  equation  of  state  [20].  A  body-force  term 


caused  by  the  gravitational  field  is  included  in  the 
axial  momentum  equation.  A  semidetailed  chemical 
kinetic  model  [24],  including  52  elementarv  steps  for 
17  species  (CH4,  0.,,  CH.^,  CH.,.  CH,  CH.^O,  CHO, 
CO2,  CO,  H,,  H,  O,  OH,  HoO,  HOo,  H.Oo,  and  N.), 
is  used  to  describe  CH4-O2  combustion.  Thermo¬ 
physical  and  transport  properties  are  considered  to 
vary  with  temperature  and  species  concentrations. 
Enthalpy  of  each  species  is  ciculated  from  polyno¬ 
mial  curv  e  fits,  while  the  viscosity  of  the  inividual 
species  is  estimated  from  Chapman-Enskog  colli¬ 
sion  theory  [25].  The  binary  diffusion  coefficient  be¬ 
tween  any  hvo  species  is  estimated  by  the  Chapman- 
Enskog  theory  and  the  Lennard-Jones  potentials 

[25] ,  and  the  effective  diffusion  coefficient  of  each 
species  in  the  mixture  is  calculated. 

The  finite-difference  form  of  the  governing  equa¬ 
tions  is  constructed  on  a  staggered  grid  system  based 
on  an  implicit  QUICKEST  numerical  scheme.  It  is 
third-order  accurate  in  both  space  and  time  and  has 
a  very  low  numerical  diffusion  error.  At  eveiy  time 
step,  the  pressure  field  is  accurately  calculated  bv 
simultaneously  solving  the  system  of  algebraic  pres¬ 
sure  Poisson  equations.  The  computational  domain 
of  150  X  60  mm  in  axial  (;:)  and  radial  (r)  directions, 
respectively,  is  represented  by  a  mesh  system  of  241 
X  71.  The  inner  diameter  of  the  fuel  tube  (d  =  9.6 
mm)  is  dose  to  that  used  in  the  experiments  [15]. 
Grid  lines  are  clustered  near  the  burner  lip  and  side 
jet  locations.  The  initial  and  boundaiy  conditions  for 
the  axial  and  radial  velocities  and  species  and  energv' 
at  different  flow  boundaries  are  similar  to  the  pre¬ 
vious  work  [22]  except  for  the  increased  number  of 
species  in  the  present  calculations. 

The  test  cases  reported  in  this  paper  are  listed  in 
Table  1.  Ca.ses  1  and  2  represent  a  laminar  jet  dif¬ 
fusion  flame  with  low  velocities  of  the  primary  jet 
{[/p  and  annulus  air  (U„).  At  the  grid  points  within 
the  side  jet,  the  radial  component  of  the  local  veloc¬ 
ity  is  replaced  by  V,.  and  the  scalar  variables  are 
maintained  at  the  local  values  for  a  time  period  f,. 
The  primary  jet  has  a  parabolic  velocity  distribution, 
representing  the  fully  developed  laminar  pipe  flow. 
The  radial  location  of  the  side  jet  (r,  =  d/2)  is  nearly 
coincident  with  a  dividing  streamline  between  the 
jet  and  external  fluids,  and  the  height  of  the  side  jet 
is  =  14.2  --  16.5  mm.  Case  3  represents  a  flame 
with  higher  jet  velocities  in  consideration  of  a  nat¬ 
urally  forming  radiiil  mass  ejection  observed  in  tur¬ 
bulent  flames  [12,15,16].  Case  4  represents  a  con¬ 
dition  in  which  a  vortex  is  ejected  inward  from 
outside  the  flame  (V,  <  0).  For  cases  3  and  4,  the 
velocity  distribution  of  the  primary  jet  is  given  by 
using  the  empirical  equation  of  the  l/nth  power  law 

[26]  for  the  fully  developed  turbulent  pipe  flow  with 
the  exponent  n  =  6  for  a  moderate  Revnolds  num¬ 
ber  (although  the  simulation  considers  laminar  flows 
only). 
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Fig.  1.  Calculated  temperature,  mole  fractions,  molar  production  rates,  and  heat-release  rate  across  a  steady-state 
methane  jet  diffusion  flame  (f  =  0  s);  (a)(b)  case  '2,z=  18.5  mm:  {c)(d)  case  3,  z  =  16  mm. 


A  Peclet  number  for  mass  transfer  related  to  the 
side  jet  ejection  defined  previously  [22]  is 

Pe  =  =  SjVJD  (1) 

where  is  the  characteristic  diffusion  time,  r,„  is 
the  characteristic  convection  time  for  vortex  motion, 
Sfi  is  the  diffusive  transport  layer  thickness,  V,„  is  the 
radial  mass  ejection  velocity,  and  D  is  the  diffusion 
coefficient.  The  values  of  Pe  determined  by  substi¬ 
tuting  (ry  -  rj  at  t  =  0  for  {rAs  the  radial  flame 
location)  and  for  V,„  are  listed  in  Table  1. 


Results  and  Discussion 

A  steady-state  solution  for  the  diffusion  flame 
structure  \\ithout  a  side  jet  was  obtained  first  by  nu¬ 
merous  (typically  several  tens  of  thousands)  iterative 
calculations  using  a  long  time  step.  By  using  the 
steady-state  solution  as  the  initial  condition,  the  tem¬ 
poral  changes  in  the  flame  structure  in  response  to 
the  side  jet  ejection  were  calculated  using  a  short 
time  step.  Figure  1  shows  the  radial  distributions  of 
the  gas  temperature  (T),  the  mole  fraction  of  species 


i  (X,),  the  net  rate  of  molar  production  of  species  i 
(co,  ),  and  the  net  rate  of  heat  release  (9)  for  steady- 
state  solutions  for  the  conditions  of  low  velocities 
(case  2)  and  high  velocities  (case  3).  In  both  cases, 
the  flame  structure  is  typical  of  laminar  diffusion 
flames.  The  flame  zone  is  formed  on  the  air  side  of 
the  dividing  streamline  (r  4.8  mm).  The  variations 
in  the  mole  fractions  of  major  and  minor  species  (see 
Figs,  la  and  Ic)  show  that  the  temperature  peak 
coincides  with  the  Xh.o  peak  in  the  region  where 
Xch4»  and  Xqo  vanish.  The  XcH.3.  '^H2’  ^co  peaks 
are  slightly  on  the  fuel  side,  and  the  Xcos* 
and  Xq  peaks  are  on  the  air  side.  On  the  fuel  side, 
methane  molecules  diffuse  radially  based  on  its  con¬ 
centration  gradient  in  the  diffusion  layer  between 
the  dividing  streamline  and  the  flame  zone.  In  the 
high-temperature  layer,  methane  decomposes  to 
methyl  radical  by  the  fuel  pyrolysis  and  dehydroge¬ 
nation  by  radical  species  (OH  and  H)  that  produce 
HoO  and  H2,  respectively  (see  Figs,  lb  and  Id).  On 
the  air  side,  oxygen  molecules  diffuse  inward  based 
on  its  concentration  gradient.  Because  the  flame 
zone  is  inclined  slightly  outward  downstream  and 
the  streamlines  are  almost  parallel  to  the  jet  axis  near 
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Fic.  2.  Color-coded  mapping  of  temperature  field  with  injected  particle  image  (left  side),  methane  mole  fraction  field, 
and  velocity  vector  field  (right  side)  in  a  methane  jet  diffusion  flame  with  a  side  jet;  (a)  case  1,  f  =  2,13  ms;  (b)  case  2, 
t  =  2.13  ms;  (c)  case  3,  f  =  0.293  ms;  (d)  case  4,  f  =  1.17  ms.  Temperature  scale  (ma\imum);  (a)(b)  2160  K  (c)(d) 
2050  K. 


the  flame  zone,  the  external  fluid  passes  through  the 
flame  zone  udth  a  narrow  angle  into  the  methane 
difFusion  layer.  Since  the  reaction  rates  are  finite, 
oxygen  can  leak  through  the  flame  zone  (Xq,  0) 
and,  thus,  a  convective  transport  contributes  to  the 
total  oxygen  influx.  In  the  high-temperature  laver  on 
the  air  side,  radical  species  (OH  and  O)  are  gener¬ 
ated  from  Oo  and  Ho  (Figs,  lb  and  Id).  Since  a  pool 
of  radical  species  (OH,  H,  and  O)  is  consumed  bv 
methane  and  methyl  radicals  on  the  fuel  side,  a  ma¬ 
jor  heat-release  step  of  CO  oxidation  by  OH  radicals 
occurs  mainly  on  the  air  side. 

For  the  high-velocity’  condition  (Figs.  Ic  and  Id), 
the  peak  temperature  is  lower  (2010  K)  than  that 


under  the  low-velocity  condition  (Figs,  la  and  lb; 
2140  K),  the  high-temperature  layer  is  thinner,  and 
the  leakage  of  reactants  through  the  reaction  zone  is 
more  evident  as  a  result  of  finite-rate  chemistr\'  un¬ 
der  a  more  strained  condition. 

Figure  2  shows  color-coded  mappings  of  the  cal¬ 
culated  gas  temperature  superimposed  vrith  loca¬ 
tions  of  tracer  particles  (black  dots)  injected  in  front 
of  the  side  jet  (left-hand  side)  and  the  methane  mole 
fraction  superimposed  with  velocity  vectors  (right- 
hand  side).  The  radial  locations  of  the  flame  zone 
(yellow  dots)  determined  by  the  temperature  peak 
are  also  included  in  the  figures.  Notice  that  the 
elapsed  time  after  ejection  (0  is  an  order  of  magni- 
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Fig.  3.  Calculated  temperature,  mole  fractions,  molar  production  rates,  and  heat-release  rate  across  a  methane  jet 
diffusion  flame  with  a  side  jet;  case  3,  s  =  16  mm;  (a)(b)  t  =  0.205  ms;  (c)(d)  t  =  0.264  ms. 


tude  longer  for  cases  1  and  2  (Figs.  2a  and  2b)  than 
for  case  3  (Fig.  2c).  Despite  the  difference  in  the 
magnitude  of  side  jet  velocity  and,  in  turn,  the  time 
scale  of  the  process,  the  low-  and  high-velocity  cases 
show  the  following  common  features  in  the  flame 
structures,  because  the  large-scale  vortex  formed 
dominates  the  global  flow  structure.  As  the  side  jet 
issues  from  the  jet  fluid  core  toward  the  flame  sur¬ 
face,  a  sudden  change  in  the  radial-velocity  distri¬ 
bution  near  the  edges  of  the  side  jet  induces  the  roll¬ 
up  of  the  neighboring  fluid  and  the  subsequent 
formation  of  a  vortex  system,  composed  of  a  pair  of 
counterrotating  vortex  rings.  The  vortex  system 
grows  as  it  engulfs  surrounding  gases  and  penetrates 
into  a  high-temperature  (highly  viscous)  layer  toward 
the  flame  zone.  The  vortex  structure  rotates  as  a 
whole  naturally  because  of  the  uneven  axial-velocity 
distribution  in  the  shear  layer,  especially  for  case  3 
because  of  its  higher  velocity  graciient.  The  forma¬ 
tion  of  the  vortex  structure  with  counterrotating  vor¬ 
tex  rings  and  the  subsequent  rigid-body  rotation 
have  also  been  observed  experimentally  [17]. 

For  case  1  (Fig.  2a),  the  flame  zone  bulges  out  as 
the  vortex  system  moves  toward  the  flame.  Conse¬ 


quently,  the  thermal  layer  ahead  of  the  vortex  be¬ 
comes  significantly  thin  as  the  leading  edge  of  the 
vortex  (i.e.,  the  outermost  point  of  the  injected  par¬ 
ticles)  reaches  the  initial  flame  surface  location. 
However,  the  vortex  loses  its  radial  momentum  and 
drifts  away  downstream.  By  contrast,  in  case  2  (Fig. 
2b),  the  vortex  further  pushes  out  the  flame  zone 
until  local  extinction  occurs  near  the  leading  edge  of 
the  bulged  flame  zone.  For  case  3  (Fig.  2c),  local 
extinction  occurs  as  the  vortex  rapidly  cuts  through 
the  thermal  layer.  Figure  2c  shows  large  values  of 
the  methane  mole  fraction  in  the  interior  of  the  vor¬ 
tex  system. 

Figure  2d  shows  the  results  for  the  inwardly  in¬ 
jected  external  vortex.  Although  the  magnitude  of 
the  side  jet  velocity  is  small  (4  m/s),  local  extinction 
occurs.  Since  the  calculation  is  axisymmetric,  the 
vortex  may  accelerate  as  its  radial  location  decreases. 
Moreover,  the  jet  fluid  boundary  does  not  deform  as 
the  vortex  proceeds  inward  because  methane  flows 
at  relatively  high  velocities  inside  the  dividing 
streamline.  Unlike  the  flame  bulge  observed  in  cases 
1  and  2,  the  thermal  layer  cannot  intrude  into  the 
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Fig.  4.  Calculated  temperature,  mole  fractions,  molar  production  rates,  and  heat-release  rate  across  a  methane  jet 
diffusion  Hame  with  a  side  jet;  case  4,  r  =  18  mm;  (a)(b)  t  =  0.733  ms;  (c)(d)  t  =  1.026  ms. 


jet  core;  thus,  the  diffusive  layer  becomes  very  thin 
as  the  vortex  approaches  the  jet  fluid  boundary. 

Figure  3  shows  the  temporal  changes  in  the  struc¬ 
ture  of  a  methane  flame  with  a  side  jet  in  case  3. 
The  height  chosen  for  the  profile  plots  (::  =  16  mm) 
is  nearly  cjoincident  with  the  height  of  the  leading 
edge  of  the  vortex  near  which  local  extinction  occurs. 
At  f  =  0.205  ms  (Fig.  3a),  the  thermodiffusive  layer 
near  the  flame  zone  becomes  thin  compared  to  the 
steady-state  condition  (Fig.  Ic),  the  methyl  radical 
concentration  increases  significantly,  the  peak  tem¬ 
perature  decreases  to  --1700  K,  and  the  reactant 
leakage  is  more  evident  (overlapping  at  Xch4  == 
X02  0.03).  As  a  result  of  a  significant  increase  in 

the  methane  concentration  gradient  and,  in  turn,  the 
methane  flux  in  front  of  the  leading  edge  of  the  vor¬ 
tex,  the  molar  production  rates  and  heat-release  rate 
(Fig.  3b)  increase  by  an  order  of  magnitude  com¬ 
pared  to  those  before  vortex  ejection  (Fig.  Id).  As 
the  wave  of  high  methane  concentration  front  pro¬ 
ceeds  outward  (Figs.  3c  and  3d),  methane  and 
methyl  radicals  scavenge  and  vanish  the  radical  pool 
(XoH»  -Xh,  and  Xq),  which  is  critical  for  H2-O2  chain¬ 
branching  reactions.  The  methane  and  oxygen  leak¬ 
age  increases  (Xch4  =  ^02  0.07),  the  peak  tem¬ 


perature  decreases  (^1400  K),  and  the  heat  release 
ceases.  Thus,  the  combustion  process  can  no  longer 
be  sustained  under  such  conditions,  thereby  leading 
to  extinction. 

Figure  4  shows  the  results  for  the  inward  side  jet 
ejection  for  case  4.  Although  the  magnitude  of  the 
side  jet  ejection  velocitv*  is  significantly  smaller  than 
that  in  case  3,  the  vortex-flame  interaction  and  local 
extinction  processes  occur  more  gradually.  There  are 
similarities  and  distinct  differences  in  the  interaction 
phenomena  between  the  inward  and  outward  ejec¬ 
tions.  As  the  vortex  pushes  the  flame  zone  inward 
(Fig.  4a),  the  reactant  leakage  increases  and  the  peak 
temperature  decreases  as  seen  in  the  outward  case. 
However,  the  methyl  radical  concentration  does  not 
increase  much  and  the  gradients  ofXcH4  andXo^  are 
significantly  smaller  (Figs.  4a  and  4c),  yet  the  oxygen 
penetrates  deeper  onto  the  fuel  side  compared  to 
the  outward  ejection  (Figs.  3a  and  3c).  Unlike  the 
outward  vortex  motion  toward  ambient  air,  the  in¬ 
ward  motion  is  limited  by  the  boundary  of  jet  fluid 
that  is  flowing  at  high  axial  velocities,  and  thus,  the 
vortex  nearly  cuts  through  the  flame  zone  (Fig.  2d). 
At  the  final  stage  (Figs.  4c  and  4d),  the  radic^  pool 
disappears  and  exothermic  reactions  stop. 
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Fic.  5.  Total  molar  flux  fields  of  species  in  a  methane  jet  diffusion  flame  with  a  side  jet;  (a){d)  methane  and  oxygen, 
(b)(e)  methyl  radical,  and  (c)(f)  hydroxyl  radical;  (a)-(c)  case  3,  (d)-(f)  case  4. 

Although  the  plots  of  the  mole  fractions  and  pro-  5  shows  the  total  (diffusion  plus  convection)  molar 
duction  rates  show  the  flame  structure  in  a  static  flux  vector  fields  of  selected  species  (methane,  oxy- 
manner,  the  dynamic  two-dimensional  transport  and  gen,  methyl,  and  hydroxyl  radicals),  superimposed 
kinetic  phenomena  need  to  be  revealed  by  examin-  with  the  isotherms.  In  the  case  of  outward  ejection 
ing  the  species  (and  heat)  flux  vector  fields.  Figure  (Figs.  5a  through  5c),  significant  fluxes  of  methane 
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Fig.  6.  Temporal  variations  in  the  peak  temperature,  full 
width  at  half  peak  temperature,  and  peak  heat- release  rate 
across  a  methane  jet  diffusion  flame  with  a  side  jet  at  a 
height  near  extinction;  (a)  case  3,  (b)  case  4. 


strained,  the  reactant  leakage  through  the  reaction 
zone  increases,  and  the  flame  temperature  de¬ 
creases.  However,  the  reactant  concentration  gradi¬ 
ents  and,  in  turn,  fluxes  into  the  flame  zone,  increase, 
and  the  reaction  and  heat-release  rates  gradually  in¬ 
crease.  As  the  reactant  leakage  increases  (Xch4  and 
X02  7^  0  in  the  reaction  zone),  the  convective  con¬ 
tribution  to  the  total  reactant  fluxes  becomes  signifi¬ 
cant.  In  the  convection-controlled  regime,  the  con¬ 
vective  contribution  to  the  reactant  fluxes  and,  in 
turn,  the  reaction  and  heat-release  rates  increase 
more  rapidly.  However,  because  of  the  finite-rate 
chemistry,  there  is  an  upper  limit  to  how  much  re¬ 
actant  can  be  consumed  in  the  reaction  zone.  Thus, 
chemical  kinetics  begin  to  control  the  process.  In  the 
last  chemical-ldnetic-controlled  regime,  the  rate  of 
decrease  in  the  diffusion  layer  thickness  becomes 
small,  while  the  peak  temperature  and  the  heat-re¬ 
lease  rate  drop  rapidly.  The  detailed  chemical  kinetic 
processes  leading  to  extinction  are  different  in  the 
outward  and  inward  ejection  cases  as  described  pre- 
viouslv. 


and  methyl  radical  rush  into  the  flame  zone  b\'  both 
diffusion  and  convection.  The  flax  of  hydroxyl  radi¬ 
cals,  produced  on  the  air  side  of  the  peak  tempera¬ 
ture  and  diffused  both  inward  and  outward  in  the 
steady-flame  region,  is  small  in  the  near-extinction 
flame  zone  as  a  result  of  scavenging  by  the  methane 
and  methyl  radicals.  In  the  case  of  inward  ejection 
(Figs.  5d  through  5f).  the  methane  flux  into  the 
flame  zone  is  an  order  of  magnitude  lower  than  that 
for  the  outward  ejection,  whereas  the  oxygen  flux 
(mainly  by  convection )  toward  the  flame  zone  is  an 
order  of  magnitude  larger.  The  methyl  and  hydroxyl 
radical  fluxes  even  point  inward  from  the  near-ex¬ 
tinction  flame  zone,  showing  distinctive  differences 
compared  to  the  outward  ejection  case.  Thus,  for  the 
inward  ejection,  the  oxygen  leak  through  the  reac¬ 
tion  zone  and  the  subsequent  temperature  decrease 
caused  by  reduced  exothermic  reactions  play  a  sig¬ 
nificant  role  in  local  extinction. 

Figure  6  shows  the  temporal  variations  in  the  peak 
temperature  (IV),  full  width  at  half  peak  temperature 
(dj),  and  peak  neat  release  rate  [qA  for  the  outward 
and  inward  ejection  (cases  3  and  4).  The  heat-re- 
lease-rate  curv’es  for  both  cases  show  two  noticeable 
turning  points  it  ^  0.06  ms  and  t  ^  0.16  ms  for  case 
3;  f  *=«  0.3  ms  and  t  ^  0.7  ms  for  case  4).  Thus,  the 
unsteady  vortex-flame  interactions  can  be  divided 
into  three  sequential  and  overlapping  regimes  based 
on  the  controlling  processes:  diffusion,  convection, 
and  chemical  kinetics.  In  the  early  diffusion-con¬ 
trolled  regime,  the  diffusion  layer  thickness  (repre¬ 
sented  by  Sj)  decreases  rapidly  as  the  vortex  ap¬ 
proaches  the  flame  zone.  The  flame  zone  is  more 


Conclusions 

A  unique  numerical  experiment,  in  which  a  packet 
of  fluid  is  ejected  outward  or  inward  toward  a  flame 
zone,  illustrated  essential  physical  and  chemical  as¬ 
pects  of  unsteady  vortex-flame  interactions  and  local 
extinction  of  laminar  methane  jet  diffusion  flames. 
The  unsteady  vortex-flame  interactions  leading  to 
extinction  can  be  divided  into  three  regimes  de¬ 
pending  on  the  dominant  process:  diffusion,  convec¬ 
tion,  and  chemical  kinetics.  The  first  two  regimes  are 
primarily  physical  vortex-flame  interactions.  During 
the  physical  interaction  stage,  if  a  Peclet  number  is 
sufficiently  large  (on  the  order  of  100),  the  vortex 
system  penetrates  into  the  high-temperature  (highly 
viscous)  layer  with  a  slight  flame  movement,  thus 
rapidly  thinning  the  thermodiffusive  layer.  The  re¬ 
actant  leakage  through  the  reaction  zone  increases, 
the  flame  temperature  gradually  decreases,  and  the 
heat-release  rate  increases  by  enhanced  diffusion  in 
the  early  regime  and  then  by  convection.  In  the  final 
chemical  kinetic  regime  for  the  outward  vortex  ejec¬ 
tion,  an  excess  influx  of  methane  and  methyl  radicals 
scavenge  radicals  (OH,  H,  and  O)  and  terminate  ex¬ 
othermic  oxidation  reactions  of  intermediate  species 
(Ho  and  CO).  For  the  inward  ejection,  the  convec¬ 
tive  contribution  to  the  oxygen  flux  is  responsible 
for  the  excessive  reactant  leakage,  leading  to  extinc¬ 
tion. 
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COMMENTS 


Mitchell  Smooke,  Yale  University,  USA.  In  your  two-di¬ 
mensional  counterflow  calculations,  it  was  not  clear  what 
boundary  conditions  were  employed  in  the  radial  direction. 
Could  you  comment  on  this? 

Also,  what  conditions  were  imposed  on  the  velocities  (ra¬ 
dial  and  axial)  at  the  base  of  the  two  jets? 

Authors  Reply.  The  two-dimensional  computer  code 
used,  including  its  chemistry  model,  has  been  validated 
[23]  by  simulating  an  axisymmetric  counterflow  diffusion 
flame  prior  to  the  present  numerical  experiment  on  the 
unsteady  extinction  of  jet  diffusion  flames.  In  the  two-di¬ 
mensional  counterflow  flame  calculations,  weighted  first- 
and  second-order  extrapolations  were  used  for  the  outflow 
boundan*  conditions  in  the  radial  direction.  In  addition,  to 


reduce  the  influence  of  errors  in  the  boundary  conditions 
on  the  flame  structure,  the  outflow  boundary  was  located 
at  50  nozzle  radii  in  the  radial  direction.  An  identical  e.x- 
trapolation  scheme  was  used  for  the  axial  outflow  boundary 
in  the  present  jet  diffusion  flame  calculations. 

For  the  boundary  conditions  at  the  fuel  and  air  jet  nozzle 
exits  in  the  counterflow  diffusion  flame  calculations,  flat 
axial  and  null  radial  velocity  profiles  (plug  flow)  were  im¬ 
posed. 

• 

Habib  N.  Najm,  Sandia  National  Laboratories,  USA.  The 
plots  of  concentrations  and  production/consumption  rates 
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in  the  reported  flame-vortex  interaction  results  show  a  very 
jagged  representation  of  the  flame  structure.  This  suggests 
that  the  flame  structure  is  not  well  resolved.  Even  though 
this  implicit  scheme  is  stable  under  these  conditions,  the 
results  seem  to  suffer  from  excessive  truncation  error,  and 
are  therefore  questionable.  A  grid  refinement  study  should 
help  resolve  this  issue. 

Authors  Reply.  In  the  counterflow  diffusion  flame  cal¬ 
culations  [23]  for  the  model  validation,  the  flame  structures 
under  near-extinction  conditions  obtained  with  0.2-mm 
and  0.04-mm  spacing  were  found  to  be  identical.  The  grid- 
independent  results  obtained  with  this  code  with  reason¬ 
ably  coarse  grids  may  be  attributed  to  the  implicit  proce¬ 
dures  used.  Implicit  schemes  not  only  improve  stability  but 
also  allow  larger  time  and  spatial  steps  without 


loss  of  accuracy  compared  to  those  allowed  by  explicit 
schemes. 

In  the  present  jet  flame  calculations,  a  fixed  mesh  system 
with  a  varied  grid  spacing  in  the  axial  and  radial  directions 
w^as  used.  For  the  fuel-side  vortex  ejection,  local  extinction 
occurred  when  the  flame  zone  was  pushed  radially  outward 
into  the  grid  zone  where  the  grid  spacing  was  0.2  mm. 
Although  the  jagged  profiles  associated  with  the  0.2-mm 
grid  spacing  are  shown  in  Fig.  3,  we  believe  that  the  results 
have  not  suffered  from  any  truncation  error  as  demon¬ 
strated  in  the  counterflow  calculations.  For  the  air-side  vor¬ 
tex  ejection,  the  flame  zone  moved  into  a  zone  where  the 
grid  spacing  was  0.4  mm  (Fig.  4).  Although  a  finer  grid 
spacing  might  be  desirable  for  this  case,  the  qualitative  na¬ 
ture  of  the  extinction  mechanisms  proposed  should  still  be 
valid. 
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Dynamic  behavior  of  a  laminar  jet  diffusion  flame  In  response  to  an  artificial  vortex  that  issues  radially  from 
the  fuel-jet  core  tovi^ard  the  flame  zone  has  been  studied  numerically  to  illustrate  essential  physics  of  a  naturally- 
forming  shear  layer  vortex  that  has  some  radial  velocity.  A  time-dependent,  axisymmetric,  implicit,  third-order 
accurate  numerical  model  is  used  with  the  inFinitcly-fast  chemistry  and  unity  Lewis  number  as.su mptions.  A 
packet  of  fuel  (methane)  is  ejected  as  a  single-pulsed  “side  jet”  at  given  initial  and  boundary  conditions  (the 
ejection  velocity  and  period),  which  cover  an  order  of  magnitude  in  the  time  scale  of  the  vortex-flame  interaction. 
A  vortex  system  with  a  pair  of  counter-rotating  toroidal  vortex  rings  is  generated  and  penetrated  into  the  high- 
temperature  (highly  viscous)  layer  with  “solid-body”  rotation.  If  the  Peclet  number  Pe  defined  as  the  ratio  of 
the  characteristic  diffusion  to  convection  times,  is  small  (the  order  of  10  or  less),  the  vortex  system  pushes  out 
the  flame  surface.  If  Pe  is  large  (the  order  of  100),  the  vortex  system  nearly  cuts  through  the  high-temperature 
layer  with  a  minimal  flame  movement,  thus  creating  a  significantly  thin  diffusive-thermal  layer.  In  both  cases, 
as  the  vortex  approaches  the  flame  surface,  the  net  radial  velocity  of  the  incoming  oxidizer  stream  crossing  the 
flame  and  the  reactants’  diffusive  fluxes  into  the  flame  increase.  As  a  result,  the  flame  structure  similar  to  that 
of  a  strained  counterflow  diffusion  flame  is  formed.  A  periodically-pulsed  side  jet  has  also  been  studied;  the 
fuel  packets  ejected  (at  500  Hz)  induces  the  development  of  a  large-scale  vortex  train  in  the  shear  layer  of  the 
primary  jet,  interacting  with  the  flame  zone. 


Introduction 

N  most  combustion  systems  of  practical  interest  such  as 
gas  turbine  combustors  and  industrial  furnaces,  turbulence 
plays  an  important  role  in  determining  various  aspects  of  per¬ 
formance  and  efficiency,  because  it  provides  the  most  effec¬ 
tive  means  of  stirring  fluids  and  enhancing  molecular  mixing 
and  reactions.  However,  flow  visualization  in  combustion  sys¬ 
tems  shows  inhomogeneous  stirring  of  fluids,  composed  of 
packets  and  parcels  of  fuel,  oxidizer,  and  products,  because 
of  large-scale  turbulent  structures  generated  in  the  shear  layer. 
Therefore,  the  interactions  between  the  large  vortices  and  the 
flame  zone  are  of  essential  importance  as  they  relate  to  various 
aspects  of  combustion  phenomena  such  as  the  transition  to 
turbulent  flames,  flame  stability,  and  local  extinction.'--* 

In  a  jet  diffusion  flame  for  which  the  flame  base  is  securely 
stabilized,  the  local  flame  extinction  occurs  near  the  laminar- 
to-turbulent  flame  transition  point  (breakpoint)  as  the  fuel 
jet  velocity  is  increased.*’ Takeno  and  Kotani*  postulated  for 
hydrogen  flames  that  the  local  extinction  is  a  result  of  the 
excess  transport  rate  as  compared  to  the  reaction  rate  at  the 
breakpoint.  The  event  when  the  vortex  was  ejected  radially 
and  interfered  with  the  flame  zone  was  captured  in  methane 
flames  by  using  flow  visualization  techniques,''’"*^  Eickoff 
et  al.*'  speculated  that  the  diffusion  flame  was  quenched  be¬ 
cause  too  much  heat  was  diffused  by  the  small-scale  turbu¬ 
lence  superimposed  in  these  vortices.  However,  in  the  near- 
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jet  field  of  hydrocarbon-air  flames,  the  flame  zone  is  generally 
formed  in  the  external  fluid,  not  in  the  jet  fluid,  because  of 
low  stoichiometric  fuel  concentration  and  a  high  Damkohler 
number.  It  is,  therefore,  less  likely  that  the  flame  zone  in¬ 
teracts  directly  with  the  small-scale,  high-intensity  turbulence 
confined  in  the  jet  fluid. 

A  series  of  recent  experiments*^  *’  **^  using  a  variety  of 
diagnostic  techniques  revealed  the  es.sential  features  of  the 
vortex-flame  interactions  that  lead  to  the  local  extinction  of 
methane  jet  diffusion  flames.  Figure  I  shows  a  schematic  of 


Fig,  1  Vortex-flame  interactions  observed  in  methane-air  turbulent 
jet  diffusion  flames. 
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some  features  of  a  locally  extinguished  turbulent  flame  based 
on  the  flow  visualization. In  the  near-exit  region  (less 
than  several  jet  diameters),  the  flame  zone  is  close  to  the  jet- 
fluid  core  and  is  blue  in  color.  The  flame  zone  shifts  away 
from  the  core  downstream  and  becomes  yellow  because  of 
the  soot  formation.  The  local  extinction  occurs  in  the  blue 
flame  region  near  the  jet  exit  when  fuel  packets,  conveyed 
by  the  large-scale  vortices  or  more  rapid  radial  mass  ejection 
(side  jet),  reach  the  flame  zone  location.  The  flame  bulge  is 
observed  generally  downstream  (typically  more  than  10  jet 
diameters)^  in  the  yellow  flame  region.  The  time  required  for 
the  fuel  packet  to  reach  the  flame  zone  location  in  turbulent 
flames  (typically  less  than  1  ms)  is.  at  least,  an  order  of  mag¬ 
nitude  shorter  than  the  characteristic  diffusion  time  required 
to  re-establish  the  reactant  concentration  field  (typically  >10 
ms).''^-"  In  an  axially-pulsed  laminar  flame,-'  the  interaction 
between  the  flame  zone  and  a  large-scale  vortex  with  a  radial 
transit  velocity  of  ~2  m/s  occurred  over  a  longer  time  (-10 
ms),  and  the  local  quenching  was  observed  near  the  leading 
edge  of  the  vortex. 

Recent  developments  of  numerical  models  to  simulate  var¬ 
ious  aspects  of  the  transient  behavior  of  diffusion  flames-' 
enable  more  challenging  numerical  experiments  on  the  dy¬ 
namic  vortex-flame  interactions  with  sufficient  accuracy.  The 
computer  code-'  -’'  used  in  this  paper  employs  a  time-de¬ 
pendent.  axisymmetric.  implicit,  third-order  accurate,  upwind 
numerical  scheme  with  assumptions  of  infinitely  fast,  one-step 
chemical  kinetics  and  unity  Lewis  number.  In  laminar  diffu¬ 
sion  flames,  the  second  Damkdhler  number,  defined  as  the 
ratio  of  the  mass  source  from  chemistry  to  diffusive  transport-’ 
(or  the  characteristic  diffusion  to  chemical  reaction  times),  is 
generally  large,  and  therefore,  the  diffusion  process  is  the 
rate-determining  factor.  As  a  vortex  approaches  the  flame 
zone  and  the  diffusion  layer  becomes  thin  (reducing  the 
Damkdhler  number),  finite-rate  chemistry  must  become  im¬ 
portant  in  the  process,  eventually  leading  to  local  extinction. 
Because  of  the  axisymmetry  and  infinitely  fast  chemistry  as¬ 
sumptions,  the  current  model  cannot  simulate  the  three-di¬ 
mensional  nature  of  a  vortex,  nor  can  the  flame  extinction 
condition.  However,  it  must  provide  global  information  on 
the  physical  nature  (fluid-dynamic  and  transport  aspect)  of 
the  vortex-flame  interaction  before  local  extinction.  This  study 
’attempts  to  simulate  numerically  the  transient  response  of  a 
laminar  jet  diffusion  flame  to  an  artificial  vortex  that  issues 
fro,m  a  side  jet.  The  primary  objective  of  this  study  is  to  gain 
a  better  understanding  of  essential  physical  features  of  the 
interactions  between  the  flame  zone  and  a  naturally-forming 
shear-layer  vortex  that  has  some  radial  velocity. 

Numerical  Experiment 

Numerical  Scheme 

The  laminar  diffusion  flame  considered  in  this  article  is 
formed  between  a  central  methane  jet  and  a  concentric  an¬ 
nulus  airflow.  Time-dependent  governing  equations,  ex¬ 
pressed  in  cylindrical  coordinates,  consist  of  mass  continuity, 
axial  and  radial  momentum  conservation,  and  two  scalar  con¬ 
servation  equations.--'"*'  Shvab-ZePdovich  formulation in 
conjunction  with  the  flame-sheet  assumption,  is  utilized.  Body- 
force  term  caused  by  the  gravitational  field  is  included  in  the 
axial  momentum  equation.  The  system  of  governing  equations 
is  completed  by  using  the  equation  of  state.  Transport  prop¬ 
erties  are  considered  to  vary  with  temperature  and  species 
concentrations.  Enthalpy  of  each  species  is  calculated  from 
polynomial  curve-fits,  whereas  the  visco.sity  of  the  individual 
species  is  estimated  from  Chapman-Enskog  collision  theory.-' 
The  binary  diffusion  coefficient  between  any  two  species  on 
the  fuel  side  of  the  flame  is  assumed  to  be  identically  equal 
to  that  of  the  fuel  and  nitrogen.  Similarly,  on  the  oxidizer 
side  of  the  flame,  it  is  made  identical  to  that  of  the  oxygen 
and  nitrogen.  The  Chapman-Enskog  theory  and  the  Lennard- 
Jones  potentials-*'  have  been  used  to  estimate  these  two  binary 
diffusion  coefficients. 


The  finite  difference  form  of  the  governing  equations  is 
constructed  on  a  staggered  grid  system  based  on  an  implicit 
QUICKEST  numerical  scheme.  It  is  third-order  accurate  in 
both  space  and  time  and  has  a  very  low  numerical  diffusiem 
error.  At  every  time-step,  the  pressure  field  is  accurately  cal¬ 
culated  by  solving  the  system  of  algebraic  pressure  Poisson 
equations  simultaneously.  An  orthogonal  grid  system  (Fig.  2) 
with  rapidly  expanding  cell  sizes  in  both  r  and  r  directions  is 
utilized.  The  computational  domain  of  l.SO  x  60  mm  in  axial 
r  and  radial  /'directions,  respectively,  is  represented  by  a  mesh 
system  of  241  x  71.  The  i.d.  of  the  fuel  tube  {d  =  0.6  mm) 
is  almost  the  same  as  that  used  in  the  experiments.'^  '’  '''-" 
Grid  lines  are  clustered  near  the  burner  lip  and  side  jet  lo¬ 
cations.  The  outer  boundaries  of  the  computational  domain 
are  shifted  sufficiently  far  enough  to  minimize  the  propagation 
of  disturbances  into  the  region  of  interest. 

The  initial  and  boundary  conditions  for  the  axial  U  and 
radial  V  velocities,  and  the  scalar  variables  for  species  /3,  and 
energy  ^‘1  different  flow  boundaries  are  shown  in  Fig. 

?>.  The  fully  developed  pipe  flow  and  flat- velocity  profiles  are 
used  at  the  exits  of  the  fuel  tube  and  the  annulus  air  channel, 
respectively.  Along  the  burner-lip  walls,  no-slip  boundary 
conditions  are  enforced.  An  extrapolation  procedure  with 
weighted  zero-  and  first-order  terms  is  used  to  estimate  the 
flow  variables  on  the  outflow  boundary.  During  the  calcula¬ 
tions,  radial  side  jets  are  introduced  from  different  locations 
in  the  flowfield. 

Test  Conditions 

The  primary  test  cases  reported  in  this  article  are  listed  in 
Table  1.  Case  1  represents  a  laminar  jet  diffusion  flame  with 
low^  velocities  of  the  primary  jet  U,,  annulus  air  (7,,.  and  side 
jet  and  a  long  pulse  width  At  the  grid  points  within  the 
side  jet.  the  radial  component  of  the  local  velocity  and  the 
scalar  variables  are  replaced  by  1/,.  )3,  s  ( =  )3j/ ).  and  (  =  1^:/  )• 
respectively,  for  a  time-period  of  The  primary  jet  has  a 


Fis*  2  Grid  system. 
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Table  I  Test  conditions 
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Annulus  air 

Side  jet 

Case 

Velocity 

u.„ 

r,. 

K, 

Pulse 

no. 

m/s 

profile 

m/s 

mm 

mm 

m/s 

/IS 

mode 

I 

1.5 

Parabolic 

1.5 

4.8 

14.2-16.5 

2.0 

3(K) 

Single-shot 

2a 

15 

hh  power 

3 

4.8 

14.2-16.5 

8.6 

30 

Single-shot 

2b 

15 

^th  power 

3 

4.8 

14.2-16.5 

8.6 

60 

SingIc-.shot 

2c 

15 

hh  power 

3 

4.8 

14.2-16.5 

4.3 

30 

Single-shot 

3 

15 

ith  power 

3 

4.8 

4.2-9.5 

2.0 

30 

Periodic,  .500  Hz 

Outflow 
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Fig.  3  Boundary  conditions. 

parabolic  velocity  distribution,  representing  the  fully  devel¬ 
oped  laminar  pipe  flow.  The  side-jet  velocity  in  case  1  is  the 
same  magnitude  as  the  radial  velocity  component  of  a  large- 
scale  vortex  observed  experimentally  in  the  axially-pulsed 
laminar  methane  flame.-*  The  radial  location  of  the  side  jet 
(r,  =  d/2)  is  nearly  coincident  with  a  dividing  streamline  be¬ 
tween  the  jet  and  external  fluids.  The  height  of  the  side  jet 
is  chosen  near  the  jet  exit  such  that  the  flame  zone  interacts 
with  the  vortex  intensely  because  of  the  flame  proximity  to 
the  jet-fluid  core.  Case  2a  represents  a  flame  with  higher 
velocities  of  the  primary  jet,  annulus  air,  and  side  jet,  and  a 
shorter  pulse  width  in  consideration  of  a  naturally-forming 
radial  mass  ejection  observed  in  turbulent  flames. In  the 
turbulent  methane  jet  diffusion  flame  stabilized  on  a  thick 
burner  lip,  the  local  flame  extinction  occurred  at  the  mean 
primary  jet  velocity  of  ~15  m/s,'*^  ’'^  and  the  maximum  radial 
velocity  component  (the  mean  plus  three  times  the  rms  fluc¬ 
tuation)  observed  was  --7  m/s.’*^  The  velocity  distribution  of 
the  primary  jet  is  given  by  using  the  empirical  equation  of 
the  l/nth-power  law^’  for  the  fully  developed  turbulent  pipe 
flow  with  the  exponent  /?  =  6  for  a  moderate  Reynolds  num¬ 
ber  (although  the  simulation  considers  laminar  flows  only). 
In  case  2b,  the  pulse  width  of  the  side  jet  is  doubled  from 
case  2a  to  see  the  effect  of  the  total  mass  ejected.  In  case  2c, 
the  side  jet  velocity  is  halved  from  case  2a  to  test  the  effect 
of  momentum  at  a  same  total  mass  ejection.  Case  3  is  an 
attempt  to  simulate  a  naturally-forming  train  of  large-scale 
vortices  in  the  shear  layer,  observed  experimentally,''^*^  '*  -'' 
and  their  interaction  with  the  flame  zone,  A  moderate-speed 
periodically-pulsed  (50%  duty  cycle)  side  jet  is  ejected  into 
the  flame  under  the  condition  of  the  same  primary  jet  velocity 
as  that  in  case  2a. 


Results  and  Discussion 
Single  Vortex  vs  Flame  Interactions 

A  steady-state  solution  for  the  diffusion  flame  structure 
without  a  side  jet  was  obtained  first  for  each  case  by  numerous 
(typically  several  tens  thousand  times)  iterative  calculations 
using  a  long  time  step  (-183  fis  in  case  1 ;  -37  /is  in  case  2). 
By  using  the  steady-state  solution  as  the  initial  condition,  the 
temporal  changes  in  the  flame  structure  in  response  to  the 
side-jet  ejection  were  calculated  using  a  short  time  step  (-12.2 
/IS  in  case  1;  -2.4  /is  in  cases  2a-2c  and  3).  Figures  4  and  5 
show  the  flame  structure  near  the  side  jet  for  cases  1  and  2a, 
respectively:  a  color-coded  mapping  of  the  gas  temperature 
T  and  a  superimposed  tracer  particles  image  (Figs.  4a  and  5a) 
and  a  color-coded  mapping  of  the  mole  fractions  of  methane 
and  oxygen  Xo.  with  superimposed  velocity  vectors 
(Figs.  4b  and  5b).  The  tracer  particles  in  Figs.  4a  and  5a  were 
injected  in  front  of  the  side  jet  (at  r  =  4.9  mm)  over  the  axial 
distance  of  4  mm  at  every  time  step.  Notice  that  the  elapse 
time  after  ejection  r  is  an  order  of  magnitude  longer  for  case 
1  (r  =  3.91  ms)  than  case  2a  r  =  0.391  ms.  Despite  the 
difference  in  the  magnitude  of  side-jet  velocity  and,  in  turn, 
the  time  scale  of  the  process,  the  two  cases  show  the  fol¬ 
lowing  common  features  in  the  flame  structures,  because 
the  vortex  system  formed  dominates  the  global  flow  struc¬ 
ture. 

As  a  fuel  packet  issues  from  the  side  jet  in  the  jet-fluid  core 
toward  the  flame  surface,  a  sudden  change  in  the  radial-ve¬ 
locity  distribution  near  the  edges  of  the  side  jet  induces  the 
roll-up  of  fluid  and  the  subsequent  formation  of  a  vortex 
system  composed  of  a  pair  of  counter-rotating  vortex  rings. 
The  vortex  system  grows  as  it  engulfs  surrounding  gases  and 
penetrates  into  a  high-temperature  (highly  viscous)  layer  to¬ 
ward  the  flame  surface.  TTie  vortex  structure  rotates  as  a 
whole  naturally  because  of  the  uneven  axial-velocity  distri¬ 
bution  in  the  shear  layer.  This  tendency  is  more  evident  in 
case  2a  because  of  its  higher  velocity  gradient,  and  conse¬ 
quently,  the  upper  portion  of  the  double-vortex  structure  shrinks 
(Fig.  5a).  The  formation  of  the  vortex  structure  with  counter¬ 
rotating  vortex  rings  and  the  subsequent  solid-body  rotation 
have  been  observed  experimentally.-*  The  vortex  evolution 
processes  described  are  depicted  well  by  the  injected  particle 
images  (such  as  Figs.  4a  and  5a),  and  the  consecutive  time- 
series  animation  of  the  particle  images  and  the  color-coded 
temperature  mappings  on  a  computer  display.  The  velocity 
vectors  (Figs.  4b  and  5b)  show  a  zigzag  motion  (with  respect 
to  the  stationary  coordinate)  typical  of  large-scale  vortices. 
The  rotating  motion  is  more  clearly  seen  in  case  2a.  The 
velocity  vectors  also  show  that  the  bulk  flow  comes  into  the 
upstream  portion  of  the  vortex  system  from  the  oxidizer  side, 
crossing  the  flame  surface,  and  goes  out  from  the  downstream 
portion,  crossing  the  flame  again.  However,  because  the  con¬ 
tribution  of  convection  to  the  reactant  fluxes  vanishes  at  the 
flame  surface  (as  will  be  described  later),  the  reactant  species 
enter  the  flame  surface  solely  by  diffusion  from  opposite  di¬ 
rections,  typical  of  diffusion  flames. 

Major  differences  in  the  response  of  the  flame  to  the  vortex 
movement  between  the  two  cases  stem  from  the  an-order-of- 
magnitude  difference  in  the  time  scale  of  the  process.  In  case 
1,  the  vortex  system  pushes  out  the  flame  zone  along  with 
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Fig.  4  Structure  of  a  methane  jet  aifTu^ion  flame  with  a  single  side  jet  (case  I ).  /  =  3,91  ms:  a)  temperature  field  and  injected  particles  and  b) 
mole  fraction  field  of  CH^  and  O,  and  velodtj’  vectors. 


Fig.  5  Struaurc  of  a  methane  jet  diffusion  flame  with  a  single  side  jet  (case  2a).  /  =  0.391  ms:  a)  temperature  field  and  injected  particles  and 
b)  mole  fraction  field  of  CH^  and  O;  and  velociD*  vectors. 


the  isothermal  layers  well  before  the  vortex  leading  edge  reaches 
the  initial  flame  surface  location  (Fig.  4a).  By  contrast,  in 
case  2a,  the  vortex  almost  cuts  across  the  high-temperature 
zone  while  the  flame  zone  shifts  slightly  at  a  very  last  stage 
of  the  process  (Fig.  5a).  Consequently,  the  thermal  layer  ahead 
of  the  vortex  becomes  significantly  thin  as  the  leading  edge 
of  the  vortex  reaches  the  initial  flame  surface  location.  Fur¬ 
thermore,  although  the  total  mass  ejected  is  more  than  twice 
of  that  in  case  1,  the  methane  mole  fraction  in  the  vortex 
system  becomes  lower  than  case  2a  because  of  the  excess 
diffusion  of  the  fuel  molecules  to  the  surroundings  over  a 
longer  elapse  time  (Figs.  4b  and  5b). 

Figures  6  and  7  show  the  radial  distributions  of  the  mean 
axial  and  radial  velocity  components  (Figs.  6a  and  7a):  the 
gas  temperature,  the  mole  fractions  of  methane  and  oxygen 
(Figs.  6b  and  7b);  and  the  instantaneous  total  (axial  and  ra¬ 
dial)  mole  fluxes  of  methane  and  oxygen  by  convection 
II,  A/o;.„..v)  and  diffusion  .i.,,)  at  a 

height  near  the’  center  of  the  vortex  system  for  cases  1  and 
2a.  respectively  (Figs.  6c  and  7c).  The  results  at  r  =  0  rep¬ 


resent  the  steady-state  solution.  The  radial  location  of  the 
flame  surface  r,  at  the  height  of  the  center  of  the  side  jet  at 
/  =  0  is  --7.3  mm  in  case  1 .  and  ^6.5  mm  in  case  2a.  For  the 
lower  velocity  condition  (case  1)  at  /  =  0,  the  axial  velocity 
component  shows  a  velocity  overshoot  near  the  flame  because 
of  the  buoyancy  effect.  That  is  not  seen  in  case  2a,  in  which 
the  external  air  velocity  is  ~3  m/s. 

Because  of  the  unity  Lewis  number  assumption,  heat  trans¬ 
fer  and  mass  diffusion  processes  must  be  similar.  Therefore, 
the  thickness  of  the  layer  in  which  the  temperature  varies  is 
coincident  with  that  for  the  (fuel  and  oxygen)  mole  fractions. 
The  thickness  of  this  layer  (the  diffusive-thermal  layer)  can 
be  characterized  using  the  full  width  at  half-maximum  (FWHM) 
of  the  temperature  distribution  hv;  =  3.6  mm  in  case  1, 
and  Wj  =  2.4  mm  in  case  2a  at  /  =  ().  The  higher  primary 
jet  and  air  velocity  in  case  2a  result  in  a  higher  bulk  flow 
velocity  coming  into  the  flame  zone  from  the  air  side,  pushing 
the  contour  of  a  stoichiometric  mole-flux  balance  (where  the 
flame  surface  is  located)  inward  to  the  region  where  gradients 
of  variables  (velocity,  temperature,  and  methane  mole  frac- 
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Fig.  6  Radial  profiles  of  a)  the  axial  and  radial  velocities;  b)  tem¬ 
perature,  mole  fractions  of  CH4  and  O,;  and  c)  mole  fluxes  of  CH^ 
and  O,  (case  ! ). 

tion)  are  larger.  Thus,  the  diffusive-thermal  layer  becomes 
thinner  and  the  flame  zone  is  more  strained. 

The  magnitude  of  the  instantaneous  mole  fluxes  of  the  reac¬ 
tants  by  convection  are  large  in  the  region  away  from  the 
flame  and  decrease  to  zero  at  the  flame  surface,  because  the 
convection  terms  where  p  is  density,  Y  is  mass 

fraction,  v  is  velocity  vector.  W  is  molecular  weight,  subscript 
/:  species  /  for  CH4  and  O-)  vanish  as  T,  ^  0  at  r  rf.  On 
the  other  hand,  the  diffusion  terms  (pyOTTy/iy,)  have  finite 
values  at  r  =  r,.  The  mole  flux  of  methane  by  diffusion  on 
the  flame  surface  at  /  =  0  is  A/ciij.aifi  =  (^-27  mole/m-s  (A^fo^.din 
=  0.54  mole/m-s)  in  case  1  and  =  0.40  mole/’m-s 

(^o,.din  =  0.80  mole/m-s)  in  case  2a.  Because  of  the  null 
contribution  of  convection  to  the  methane  and  oxygen  mole 
fluxes  at  the  flame  surface,  the  diffusion  contribution  is  always 
at  a  stoichiometric  ratio  (1:2).  Incidentally,  the  oxygen  mole 
flux  determined  experimentally'*  in  the  luminous  zone  near 
the  base  of  a  laminar  diffusion  flame  of  methane  is  -^1  mole/ 
cm-s. 

At  /  >  0  in  both  cases,  the  peak  temperature  remains  nearly 
constant  (2100-2150  K),  and  a  secondary  temperature  peak 
appears  on  the  fuel  side  of  the  flame  as  a  result  of  the  roll¬ 
up  of  hot  surrounding  gases  into  the  vortex  structure.  The 
diffusive-thermal  layer  becomes  thinner  (Wj  -  2.4  mm  at 
/  =  3.91  ms  in  case  1,  and  Wp  ~  1*0  mm  at ;  =  0.391  ms  in 
case  2a),  and  the  methane  mole  flux  by  diffusion  increases 
with  time  =  0.40  mole/m-s  at ;  =  3.91  ms  in  case 

1,  and  -  0.75  mole/m-s  at  t  =  0.391  ms  in  case  2a). 

The  reactant  mole  fluxes  on  the  flame  surface  are  thus  almost 
proportional  to  Wp.  In  case  2a,  in  particular,  the  radial  gra¬ 
dient  of  the  methane  mole  fraction  becomes  significantly  steep, 
thus  resulting  in  the  high  methane  flux  diffusing  into  the  flame 
zone  (Fig.  7a). 

Figure  8  shows  the  comparisons  between  the  flame  struc¬ 
tures  for  cases  2a,  2b,  and  2c  at  a  fixed  elapse  time  (/  =  0.293 


Fig.  7  Radial  profiles  of  a)  the  axial  and  radial  velocitie.s;  b)  tem¬ 
perature,  mole  fractions  of  CH4  and  O,;  and  c)  mole  fluxes  of  CH4 
and  O,  (case  2a). 


Fig.  8  Radial  profiles  of  the  temperature  and  mole  fractions  of  CH4 
and  O^. 

ms).  In  case  2b,  the  ejection  period  and,  in  turn,  the  total 
mass  of  the  side  jet  is  doubled  from  case  2a.  Although  the 
size  of  the  vortex  system  becomes  larger  in  the  temperature 
field  mapping  (not  shown)  in  case  2b,  the  structure  remained 
similar  because  the  vortex  system  penetrated  into  the  hot  zone 
at  almost  the  same  degree.  In  case  2c,  the  velocity  of  the  side 
jet  is  halved  under  a  fixed  total  mass.  Because  of  the  lower 
momentum  of  the  vortex  system  in  case  2c,  it  could  not  pen¬ 
etrate  into  the  hot  zone  to  reach  the  flame  zone  location  and, 
thus,  drifted  away  downstream. 

If  the  movement  of  the  vortex  system  toward  the  flame 
surface  was  extremely  slow,  changes  in  the  fuel  concentration 
by  the  movement  would  propagate  around  the  vortex  by  dif¬ 
fusion  simultaneously.  As  a  result,  a  quasi-steady-state  con¬ 
centration  field  would  be  re-established  in  time,  and  thus,  the 
flame  surface  would  be  shifted  to  a  renewed  equilibrated  po¬ 
sition.  On  the  other  hand,  if  the  vortex  speed  was  extremely 
fast  compared  to  the  rate  required  for  the  diffusion  process, 
the  surrounding  concentration  field  would  not  be  able  to  re- 
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spond  to  the  changes  except  for  a  narrow  region  in  the  im¬ 
mediate  vicinity  of  the  vortex.  Therefore,  the  Peclet  number 
Pe  for  mass  transfer,  defined  as  the  ratio  of  the  convective  to 
conductive  (diffusive)  mass  transfer-’  (or  the  characteristic 
diffusion  to  convection  times),  must  be  an  important  dimen¬ 
sionless  parameter  in  determining  the  degree  of  the  vortex- 
flame  interaction.  Because  of  the  unity  Lewis  number  as¬ 
sumption,  the  Peclet  number  for  mass  transfer  is  identical  to 
its  counterpart  for  heat  transfer.-’  In  the  previous  paper, 
the  characteristic  diffusion  time  t,,,  and  the  convection  time 
caused  by  radial  mass  ejection  t,„  were  determined  as  t,,  = 
(8,,  is  diffusive  transport  layer  thickness.  D  is  diffusion 
coefficient),  and  =  8JV,„  (V,„  is  radial  mass  ejection  ve¬ 
locity),  respectively.  Therefore,  the  Peclet  number  relevant 
to  the  side-jet  ejection  under  current  consideration  becomes 

Pe  =  {tJtJ  =  (8,yjD)  (1) 

It  was  estimated that  t,,  --  30  ms  and  --  0.2  ms  using 
8^,  --  1.5  mm,  D  0.7  cm-/s  (methane  at  1500  K),  and  V,„ 
=  6.6  m/s,  resulting  in  Pe  150.  By  substituting  (r,  -  r.v)  at 
t  =  0  for  8,f  and  V",  for  V„,,  for  the  flames  under  investigation 
in  this  article.  Pe--1\  {r,,  -  89  ms,  —1.25  ms)  was  obtained 
for  case  1,  and  Pe  —  209  (r,,  —  41  ms,  t,„  —  0.2  ms)  for  case 
2a.  Thus,  the  characteristic  convection  time  is  one  to  two 
orders  of  magnitude  shorter  than  the  characteristic  diffusion 
(or  heat  transfer)  time. 

Figure  9  shows  the  temporal  variations  in  the  radial  loca¬ 
tions  and  transit  velocities  of  the  leading  edge  of  the  vortex 
system  (r,,  Vi),  the  flame  surface  (r,,  V,),  and  the  width  at 
half-maximum  of  the  temperature  distribution  for  cases  1  and 
2a.  As  the  vortex  approaches  the  flame  zone  at  /<  2  ms  in 
case  1  (Fig.  9a),  the  vortex  loses  its  speed  while  the  flame 
surface  gains  its  moving  velocity.  As  the  vortex  pushes  the 
flame,  (r^  -  r,)  and  iv,- decrease  and  become  nearly  constant, 
and  Vf  *=  VfZX  t  >2  ms.  Because  of  unity  Lewis  number,  Wj 
is  almost  proportional  to  (r^-  -  r,).  In  case  2a  (Fig.  9b),  (r^  - 
ri),  Wj,  and  V,  continue  to  decrease  and  K,  increases  until  the 
leading  edge  of  the  vortex  reaches  the  initial  flame  zone  lo¬ 
cation  at  t  —  0.4  ms.  The  V,  curve  changes  its  slope  as  the 
vortex  starts  the  “solid-body”  rotation  described  before. 

Since  the  flame  surface  moves  outward  as  the  vortex  system 
approaches,  it  is  necessary  to  consider  the  net  radial  velocity 


Fi".  9  Temporal  variations  in  the  radial  locations  and  vehKrities  of 
the  vortex  leading  edge  and  flame  surface  and  the  FWHM  of  the 
temperature  distribution:  a)  case  1  and  b)  case  2a. 


b)  fj-r  W 

Fig.  10  Radial  profiles  of  the  net  radial  velocity  relative  to  the  flame 
surface. 

component  relative  to  the  flame  surface  in  order  to  examine 
the  instantaneous  structure  near  the  flame.  Figure  10  shows 
the  relative  radial  velocity  component  (V,  V),  which  is 

positive  for  the  incoming  flow  direction  crossing  the  flame 
surface,  as  a  function  of  the  relative  location  (r,  "-  r)  in  the 
near-flame  region  for  cases  1  and  2a.  In  case  1  (Fig.  lOa),  as 
the  vortex  system  approaches  the  flame  surface,  the  profile 
of  (1/;^  -  V)  becomes  similar  to  the  one  observed  in  strained 
counterflow  diffusion  flame.s'-  ''^  (with  a  peak  at  slightly  down¬ 
stream  of  the  flame  surface)  at  a  relatively  early  stage  of  the 
vortex-flame  interaction  process.  In  case  2a  (Fig.  fOb),  the 
temperature  peak  does  not  appear  until  a  later  stage  of  the 
process  when  the  vortex  leading  edge  approaches  the  close 
proximity  of  the  flame  surface  and  (r^-  r,)  becomes  constant. 
Because  the  velocity  peak  is  caused  by  the  longitudinal  ac¬ 
celeration  by  gas  expansion  at  high  temperatures,  the  peak 
would  not  appear  (or  would  be  small,  if  any)  if  the  gases 
(stream  tubes)  were  able  to  expand  laterally  under  a  given 
flow  configuration.  Furthermore,  unlike  the  counterflow  dif¬ 
fusion  flames,  the  velocity  gradient  (deceleration)  of  the  ap¬ 
proach  flow  just  before  entering  the  flame  (which  is  normally 
used  to  assess  the  strain  rate  in  the  counterflow  diffusion 
flames),  is  small  because  the  net  radial  velocity  component  is 
nearly  constant  (— K,)  away  from  the  flame  surface  as  the 
actual  velocity  with  respect  to  the  laboratory  coordinate  is 
nearly  zero.  In  jet  diffusion  flames,  in  general,  the  streamlines 
are  nearly  parallel  to  the  flame  surface  (and  thus,  the  velocity 
component  perpendicular  to  the  flame  is  small),  while  in  coun¬ 
terflow  diffusion  flames,  the  streamlines  are  perpendicular 
for  the  stagnation-point  flow.  The  radial  side  jet  ejection  has 
altered  the  normal  jet  diffusion  flame  structure.  Therefore, 
the  differences  in  the  geometric  configuration  and  velocity  of 
the  incoming  flow  play  an  important  role  in  determining  the 
flame  structure,  and  a  proper  consideration  needs  to  be  made 
when  applying  a  property  (such  as  the  critical  strain  rate  for 
extinction)  of  one  type  of  flames  to  another  type. 

Periodic- Vortices  vs  FTame  Interactions 

In  case  3,  the  periodically-pulsed  side  jet  induced  the  de¬ 
velopment  of  a  train  of  large-scale  vortices  in  the  shear  layer, 
similar  to  the  structure  observed  experimentally. A  pre¬ 
liminary  test  showed  that  the  evolution  frequency  of  the  large 
structure  was  —500  Hz  and  nearly  independent  of  the  side  jet 
frequency  in  the  range  of  500-1000  Hz.  Figure  1 1  shows  the 
structure  of  the  flame  with  a  periodic  (5()0-Hz)  side-jet  ejec¬ 
tion:  a  color-coded  mapping  of  the  temperature  field  (Fig. 
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11a)  and  the  vortidty  field  with  superimposed  velocity  vectors 
(Fig.  11b).  The  temperature  field  image  (Fig.  11a)  shows  the 
engulfment  of  the  hot  combustion  products  into  the  upstream 
side  of  the  vortex  and  the  thinned  diffusive-thermal  layer  near 
the  vortex  upstream.  Although  the  vortex  interacts  with  the 
flame  in  a  similar  manner  with  the  single-pulsed  cases  in  the 
upstream  region,  the  interaction  becomes  weaker  downstream 
as  the  vortex  loses  its  radial  momentum  and  the  distance 
between  the  vortex  and  the  flame  (or  the  diffusive-thermal 
layer  thickness)  increases.  Unlike  the  single-shot  side  jet  de¬ 
scribed  before,  the  large  vortex  has  the  only  one  rotation 
direction  as  is  normally  seen  in  the  shear  layer.  Thus,  the 
vorticity  (Fig.  lib)  shows  a  negative  peak.  The  velocity  vec¬ 
tors  again  show  a  zigzag  motion  because  of  the  large  vortices. 

Conclusions 

A  unique  numerical  experiment,  in  which  a  packet  of  fuel 
issues  from  a  side  jet  toward  a  flame  zone,  has  illustrated 
essential  physics  of  the  interactions  between  a  large-scale  vor¬ 
tex  and  a  laminar  diffusion  flame.  The  following  are  among 
major  conclusions. 

The  formation  of  a  large-scale  vortex  structure  composed 
of  a  pair  of  counter-rotating  vortex  rings  and  subsequent  solid- 
body  rotation  of  the  vortex  structure  caused  by  the  uneven 
axial-velocity  distribution  in  the  shear  layer,  observed  exper¬ 
imentally,  are  simulated  numerically.  If  the  side-jet  velocity 
(or  momentum)  is  large,  the  vortex  system  penetrates  into 
the  high-temperature  (highly  viscous)  layer:  otherwise,  it  drifts 
away  downstream  before  reaching  the  initial  flame  surface 
location.  The  level  of  penetration  is  nearly  independent  of 
the  total  mass  ejected.  The  solid-body  rotation  of  the  vortex 
system  is  more  evident  in  the  higher  primary  jet  velocity  case 
because  of  the  higher  velocity  gradient. 

A  Peclet  number,  defined  as  a  ratio  of  the  characteristic 
diffusion  (or  thermal  conduction)  to  convection  times  for  the 
side  jet,  is  an  important  parameter  in  determining  the  level 
of  the  vortex-flame  interactions.  If  Pe  is  small  (the  order  of 
10  or  less),  the  vortex  system  pushes  out  the  flame  surface 


over  the  majority  of  the  interaction  period.  If  Pe  is  large  (the 
order  of  100),  the  vortex  system  nearly  cuts  through  the  high- 
temperature  layer  with  a  slight  flame  movement,  thus  result¬ 
ing  in  an  extremely  thin  diffusive-thermal  layer  with  large 
gradients  of  the  temperature  and  reactant  concentrations.  In 
both  cases,  as  the  vortex  system  approaches  the  flame  surface, 
both  the  bulk  flow  velocity  and  the  diffusive  fluxes  of  reactants 
into  the  flame  surface  increase,  and  a  flame  structure  becomes 
similar  to  that  of  a  strained  laminar  counterflow  diffusion 
flame.  Therefore,  the  geometric  flow  configuration  and  in¬ 
coming  flow  velocity,  created  by  the  large-scale  vortex,  are 
important  factors  in  determining  the  flame  structure. 

The  development  of  a  train  of  large-scale  vortices  in  the 
shear  layer,  observed  experimentally,  is  simulated  numeri¬ 
cally  by  ejecting  consecutive  packets  of  fuel  from  the  side  jet 
periodically.  Although  the  vortex-flame  interactions  similar 
to  the  single-pulsed  cases  take  place  in  the  upstream  region, 
the  level  of  the  interactions  decreases  rapidly  downstream,  as 
the  vortex  loses  its  radial  momentum. 
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The  near-field  turbulent  structure  of  double-concentric  hydrogen-air  jet  diffusion 
flames,  with  or  without  swirl,  has  been  investigated  using  conditionally  sampled, 
three -component  laser-Doppler  velocimetry  and  coherent  anti-Stokes  Raman  spec¬ 
troscopy.  The  turbulent  flame  zone  became  thinner  and  shifted  inward  as  the  mean 
jet  velocity  was  increased,  whereas  swirl  created  a  radial  velocity  even  at  the  jet- 
exit  plane,  thereby  broadening  and  shifting  the  flame  zone  outward.  The  probability- 
density  functions  of  velocity  components,  their  21  moments  (up  to  fourth  order), 
mean  temperature,  and  root-mean-square  temperature  fluctuation  were  determined 
in  the  near  field.  The  data  can  be  used  to  validate  advanced  turbulent  combustion 
models. 


Introduction 

In  practical  combustion  systems  such  as  gas  turbines  and 
industrial  furnaces,  turbulence  and  swirl  play  an  essential  role  in 
enhancing  fuel-air  mixing,  flame  stabilization,  and  combustion 
intensity.  Previous  studies  of  turbulent  jet  diffusion  flames 
(Bilger,  1976;  Eickhoff,  1982;  Faeth  and  Samuelsen,  1986;  Dib- 
We  et  al.,  1987;  Tangirala  et  al.,  1987;  Stamer,  1985;  St^er 
and  Bilger,  1988;  Drake,  1988;  Pitz  et  al.,  1991;  Nandula  et  al,, 
1994;  Barlow  and  Carter,  1994)  have  focused  primarily  on 
nonswirling  flames  and  have  not  included  detailed  velocity  and 
temperature  data  in  the  developing  region  of  the  flame.  The 
majority  of  the  existing  velocity  data  in  turbulent  jet  diffusion 
flames  were  obtained  using  single-  or  two-component  laser- 
Doppler  velocimetry  (LDV).  Thermocouples  and,  more  re¬ 
cently,  Raman  scattering  spectroscopy  were  used  for  tempera¬ 
ture  measurements.  Reports  on  high-order  moments,  particu¬ 
larly  triple  correlations,  of  the  probability-density  functions 
(pdf)  of  velocity  components  are  rare;  they  are  available  for 
nonreacting  flows  (Hinze,  1975;  Wygnanski  and  Fiedler,  1969). 
Accurate  measurement  of  high-order  moments  is  a  challenge 
especially  in  reacting  flows. 

In  addition,  the  conventional  turbulence  models  such  as  a 
€  model  use  gradient  diffusion  models  for  turbulent  transport 
(Launder  and  Spalding,  1972;  Eickhoff,  1982)  and  cannot  pre¬ 
dict  high-order  moments;  thus,  a  demand  for  such  data  for 
model  validation  has  been  minimal.  Unlike  these  models,  recent 
turbulence  models  such  as  pdf  methods  do  not  need  to  model 
the  turbulent  transport  terms  because  they  appear  in  closed  form 
(Pope,  1990).  The  joint  velocity-scalar  pdf  method,  capable  of 
calculating  high-order  moments,  has  recently  been  applied  to  a 
number  of  reacting  and  nonreacting  flows  (Anand  et  al.,  1993, 
1996).  Such  advanced  turbulent  combustion  models  must  be 
validated  in  detail  in  laboratory  flames  incorporating  the  essen¬ 
tial  features  of  practical  flows.  Therefore,  ^e  demand  for  the 
detailed  experimental  data,  including  high-order  moments  (in 
swirling  or  nonswirling  flows),  has  been  growing  rapidly  in 
recent  years. 

A  major  challenge  in  accurate  LDV  measurements  is  how  to 
avoid  inherent  particle  statistical  bias  problems  (Edwards, 
1987).  Conditional  sampling  techniques  (Libby  et  al.,  1982) 
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have  been  applied  to  LDV  measurements  (Dibble  et  al.,  1987; 
Tangirala  et  al.,  1987;  Staomer,  1985;  Takahashi  et  al.,  1992)  to 
avoid  velocity  bias  originated  in  different  flow  channels  with 
different  initial  velocities.  However,  the  conditionally  sampled 
velocity  data  obtained  specifically  for  model  validation  are  un¬ 
available.  The  developing  region  of  the  jet  flame  is  particularly 
important  because  various  physical  and  chemical  processes  oc¬ 
cur  rapidly  in  the  near-nozzle  region,  and  the  flame  structure 
downstream  depends  significantly  on  the  early  development. 
Moreover,  substantial  errors  due  to  an  elongated  (ellipsoidal) 
measuring  volume  of  a  two-component  LDV  system  (Durbin 
et  al.,  1993)  were  observed  by  comparisons  with  the  results 
obtained  by  a  three-component  system  with  a  small  probe  vol¬ 
ume  (Takahashi  et  al.,  1995 ) .  Furthermore,  the  use  of  a  thermo¬ 
couple  exerts  serious  limitations  on  the  maximum  measurable 
temperature,  delayed  time  responses,  radiation  heat  losses,  flow 
and  catalytic  disturbances  on  the  flame,  and  so  forth. 

This  work  is  an  attempt  to  provide  a  reliable  data  base  in 
response  to  the  above-mentioned  demands  and  requirements  for 
accurate  velocity  and  temperature  measurements.  The  contribu¬ 
tions  of  the  current  results  relative  to  previous  work  are  as 
follows:  ( 1 )  This  study  provides  the  first  detailed  velocity  and 
temperature  data  in  swirling  and  nonswirling  turbulent  hydrogen 
jet  diffusion  flames,  specifically  designed  for  the  validation  of 
advanced  turbulent  combustion  models  capable  of  predicting 
high-order  moments.  (2)  A  unique  contribution  of  this  study 
stems  from  the  nonintnisive  laser  diagnostic  techniques  used. 
The  conditionally  sampled,  three-component  LDV  measure¬ 
ments  with  a  smdl  pro^  volume  were  made,  for  the  first  time, 
to  obtain  the  unbiased  velocity  data,  including  high-order  cross¬ 
correlations.  The  coherent  anti-Stokes  Raman  spectroscopy 
(CARS)  thermometry  generated  the  temperature  data  without 
causing  disturbances  on  the  flame.  (3)  All  data  obtained  are 
tabulated  (in  ASCII  file  format)  and  plotted  in  five  technical 
reports  (Takahashi  et  al.,  1993,  1994a,  b).  Therefore,  selected 
results  are  presented  in  this  paper  to  extract  physical  insights 
into  the  near-field  turbulent  structure  of  hydrogen  jet  diffusion 
flames. 

Experimental  Techniques 

The  combustor  (Fig.  1 )  consists  of  a  central  fuel  tube  (9.45- 
mm  inner  diameter  [d],  0.2-mm  lip  thickness,  806-mm  length) 
and  a  concentric  annulus-air  tube  (26.92-mm  inner  diameter), 
centered  in  a  vertical  test  section  (150  x  150-mm  square  cross 
section  with  rounded  comers  [quasi-octagonal],  486-mm 
length),  through  which  external  air  is  supplied.  The  test  section 
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Fig.  1  Schematic  of  the  combustor  used 

is  sided  with  four  quartz  windows  for  optical  observations  and 
diagnostics.  A  helical  vane  swirler  unit  is  placed  in  the  annulus 
channel  96  mm  upstream  from  the  jet  exit.  Table  1  shows  the 
experimental  conditions  {0:  helical  vane  angle,  Uj:  mean  jet 
velocity,  mean  annulus  air  velocity,  and  U^:  mean  external 
air  velocity).  Hydrogen  (purity:  99.3  percent)  is  the  fuel.  The 
jet  Reynolds  number  (Re^  =  Ujdfvj  where  Vj  is  the  kinematic 
viscosity  of  hydrogen)  is  2208  for  Case  1  and  8830  for  the 
others.  Case  1  is  in  the  pipe-flow  transition  region,  in  which 
breakpoint  to  the  turbulent  flame  rapidly  approaches  the  jet  exit 
(Takahashi  et  al.,  1982).  Thus,  Case  1  is  a  transitional  (or 
weakly  turbulent)  flame,  and  Cases  2  through  4  are  fully  devel¬ 
oped  turbulent  flames.  Both  LDV  and  CARS  measurements 
were  made  at  numerous  radial  locations  at  seven  axial  locations 
(x  =  1.5,  10,  25,  50,  75,  150,  and  225  mm). 

The  three-component  LDV  system,  described  in  detail  else¬ 
where  (Takahashi  et  ai.,  1993,  1994a),  consists  of  two  seg¬ 
ments:  (1)  three-beam  two-channel  optics  and  (2)  two-beam 
one-channel  optics.  The  former  uses  a  514.5-nm  line  of  an 
argon-ion  laser  (15  W)  and  measures  the  velocity  components 
in  the  directions  of  ±45  deg  off  the  jet  axis.  The  latter  uses  a 
488.0-nm  line  and  measures  the  tangential  velocity  component. 
The  coincident  measuring  volume  is  minimized  to  a  100-/4m- 
dia  sphere  by  aligning  the  axes  of  the  two  segments  perpendicu¬ 
larly.  The  calculated  fringe  spacing  is  approximately  3.6  /zm. 
Submicron-size  zirconia  particles  (<1  /zm,  97  percent)  are  the 
tracer.  LDV  measurements  are  made  by  seeding  one  stream  at 
a  time.  Thus,  all  LDV  data  reported  are  conditional  upon  the 
fluid  originating  from  either  the  jet,  annulus,  or  external  flow 
channel.  A  portion  of  the  data  is  filtered  out  by  the  so-called 
na  method  (i.e.,  velocities  whose  deviation  from  the  mean 
exceeded  n  times  the  standard  deviation  [o’]  are  eliminated). 
Because  the  conventional  30"  method  occasionally  cuts  off  some 
valid  data  and  alters  high-order  moments  significantly,  n  ^  A 
is  used  in  this  study.  The  21  independent  flow  variables  deter- 
mined  are  U,  V,  W,  Vw'“,  Vv'“,  u*v\  v'w\  w'u\  zz'^. 


v’^u\  u' V',  w'h)',  zz' V',  zz"*, 

and  Hence,  «,  v,  and  w  represent  the  axial,  radial,  and 
tangential  velocity  components,  respectively;  a  capital  letter  in¬ 
dicates  the  mean  value  and  a  lowercase  letter  with  a  prime 
indicates  the  velocity  fluctuation  from  the  mean.  The  kinetic 
energy  of  turbulence,  skewnesses,  and  kurtoses  are  derived  from 
these  quantities.  The  accuracy  of  the  velocity  measurements  is 
estimated  as  '^2  percent  for  the  means  and  5  to  10  percent  for 
the  higher  moments. 

The  CARS  system,  described  in  detail  elsewhere  (Takahashi 
and  Vangsness,  1993;  Takahashi  et  al.,  1994b),  consists  of  a 
pulsed  Nd:YAG  laser,  dye  laser  optics,  incident  and  collection 
optics,  and  a  spectrometer  with  an  intensified  charge-coupled 
device  camera.  A  broadband  Stokes  beam  ( ---607  nm)  and  the 
two  pump  beams  (532  nm)  are  then  focused  together  in  a  folded 
BOXCARS  configuration  using  a  lens  (250-mm  f.l.).  The  ellip¬ 
soidal  probe  volume  size,  estimated  by  assuming  Gaussian 
beams  with  a  7-mm  diameter  and  a  5-deg  crossing  angle,  is 
approximately  25  fzm  in  diameter  and  250  ;zm  in  length.  Typi¬ 
cally,  500  CARS  signals  from  nitrogen  are  acquired  at  each 
location.  The  accuracy  of  the  temperature  measurements  is  esti¬ 
mated  to  range  between  10  percent  near  room  temperature  and 
5  percent  near  the  flame  temperature,  with  the  largest  contribu¬ 
tion  to  uncertainty  from  shot-to-shot  variation  in  the  Stokes- 
laser  spectral  distribution.  The  reproducibility  of  both  LDV  and 
CARS  measurements  is  checked  prior  to  final  runs. 

Results  and  Discussion 

Thermal  Structure.  Figures  2  and  3  show  the  radial  pro¬ 
files  of  the  mean  gas  temperatures  and  root-mean-square  (rms) 
values  of  temperature  fluctuations  at  five  selected  heights  in 
swirling  and  nonswirling  turbulent  hydrogen  jet  diffusion 
flames.  The  outermost  data  point  is  bounded  by  the  location 
where  the  temperature  is  nearly  room  temperature  (or  the  outer 
edge  of  the  test  section’s  window).  The  innermost  data  point 
is  the  location  where  the  intermittency  of  the  jet  fluid  (defined 
as  the  fraction  of  CARS  realizations  for  which  nonresonant 
background  interference  from  the  fuel  occur  in  the  total  number 
of  data  [Takahashi  and  Vangsness,  1993])  is  veiy  high,  and 
accurate  temperature  determination  is  prevented  beyond  this 
point. 

In  all  cases  (Cases  1-4),  the  flame  base  anchored  near  the 
fuel  tube  exit  on  the  air  side  of  the  dividing  streamline  (whose 
radial  distance  from  the  axis:  y  »  4.7  mm)  as  the  sharp  tempera¬ 
ture  peaks  (~19(X)  K  at  x  =  1.5  mm,  y  =  5  to  5.5  nun  in 
Fig.  2(e))  indicate.  The  temperature  peak  shifted  outward  and 
broadened  downstream,  as  expected.  The  rms  temperature  fluc¬ 
tuation  reached  a  maximum  (up  to  900  K)  in  the  outer  thermal 
layer  where  the  mean  temperature  gradient  was  large.  As  the 
jet  velocity  was  increased  in  nonswirling  flames  (from  Case  1 
to  Case  2),  the  flame  zone  (temperature  peak)  shifted  inward 
and  both  mean  and  rms  temperature  peaks  became  narrower  and 
slightly  lower.  Furthermore,  the  innermost  data  points  shifted 
slightly  outside  from  Case  1  to  Case  2  as  a  result  of  faster 


Table  1  Experimental  conditions 


Case  No. 

e  o 

Uj  (m/s)  C/a  (na/s)  Ue  (m/s) 

1 

0 

25 

4 

1 

2 

0 

100 

20 

4 

3 

30 

100 

20 

4 

4 

45 

100 

20 

4 
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Rg.  2  Mean-temperature  distribution  across  the  hydrogen  jet  flame  at  Rg.  3  Temperature  fluctuation  distribution  across  the  hydrogen  jet 
five  different  heights  flame  at  five  different  heights 


Spread  of  the  fuel  jet  Consequently,  the  layer  between  the  inner¬ 
most  data  point  and  the  temperature  peak,  where  hydrogen  was 
transported  by  both  turbulent  and  molecular  diffusion,  became 
thinner.  As  swirl  was  added  to  the  annulus  airflow  (see  Cases  2~ 
4) ,  the  innermost  data  points  and  the  temperature  peak  locations 
shifted  outward  substantially,  the  mean  temperature  profiles  be¬ 
came  flatter,  and  both  mean  and  rms  temperature  peak  values 
decreased.  Swirl-induced  radial  velocity,  and  thus,  the  hydrogen 
jet  spread  outward  with  a  larger  angle  (as  will  be  explained  in 
detail  in  the  next  section). 

Although  the  mean  and  rms  temperature  profiles  show  global 
features  of  the  thermal  structure  of  the  flame,  more  precise 
information  can  be  retrieved  from  temperature  pdf’s.  Only  few 
examples  at  selected  locations  for  three  conditions  (Cases  1- 
3)  are  shown  here,  but  the  general  trend  peculiar  to  the  radial 
location  relative  to  the  flame  zone  is  illustrated  well.  In  fact, 
qualitative  trends  are  similar  to  that  for  methane  jet  diffusion 
flames  (Takahashi  and  Vangsness,  1993)  in  which  Ae  jet  veloc¬ 
ities  were  much  lower  (<17  m/s).  Figure  4  shows  the  pdf’s 
in  nonswirling  (Figs.  4(a)-4{e),  Cases  1;  Figs,  4(/)-4(7); 
Case  2)  and  swirling  (Figs.  4(^:)-4(o),  Case  3)  hydrogen 
flames  at  x  =  25  mm.  At  the  edge  of  the  outer  thermal  layer 
(Figs.  4{e)y  4(7),  and  4(o)),  the  pdf  showed  a  sharp  single 
peak  with  near  room  temperature.  In  the  outer  thermal  layer 
outside  the  flame  zone  (Figs.  4(<f),  4(i),  and  4(n)),  the  ^f 
showed  a  bimodal  distribution  over  a  wide  range  from  room 
temperature  to  flame  temperature  as  a  result  of  the  radial  move¬ 
ment  of  the  flame  zone.  Thus,  the  rms  value  p>eaked  in  this 
layer.  Occasional  entrainment  of  cold  air  is  seen  still  at  the 
temperature  peak  location  (Figs.  4(c),  4(/z),  and  4(m)).  Inside 
the  flame  zone  (Figs.  4{b),  4(g),  and  4(/)),  the  pdf  showed 
a  single  peak  in  a  high-temperature  range;  thus,  the  rms  value 
decreased.  Further  inside  the  innermost  data  point  (Figs.  4(a), 


4(/),  and  4(it))  where  the  intermittency  began  to  increase,  the 
mean  temperature  might  be  biased  somewhat  toward  higher 
values  than  the  time-average  because  the  CARS  measurement 
is  based  on  nitrogen  in  hot  combustion  products. 


Cas0i  CaseZ  CasaS 


t  (K) 


Rg.  4  Probability-density  functions  of  temperature  in  the  hydrogen 
flame  (Cases  1-3)  at  five  different  radial  locations  at  x  =  25  mm 
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Mean  and  Turbulent  Velocity  Fields.  In  addition  to  the 
quantitative  LDV  measurements,  the  conditional  sampling 
based  on  the  origin  of  seed  particles  provided  qualitative  charac¬ 
teristics  of  the  turbulent  structure  of  swirling  and  nonswirling 
hydrogen  jet  diffusion  flames.  Figure  5  shows  the  radial  profiles 
of  the  mean  axial  velocity  component  at  selected  heights  in  the 
near  field.  Only  the  data  points  conditioned  on  the  jet  and 
annulus  fluids  are  presented  in  the  figure.  The  radial  location 
of  the  apparent  flame  zone  determined  by  the  temperature  peak 
is  also  included  in  the  figure.  Near  the  jet  exit  {x  =  1.5  mm: 
Fig.  5(c)),  the  data  points  for  jet  and  annulus  fluids  do  not 
overlap,  and  the  shear  layers  originating  from  the  boundary 
layers  on  both  sides  of  the  tube  walls  were  observed  in  a  wake 
region.  The  flame  base  is  anchored  in  the  low-velocity  region 
of  the  annulus  fluid  stream.  It  is  notable  (in  Figs.  5(a)  and 
5(^7))  that  the  flame  zone  resides  in  the  annulus  fluid  where 
the  mean  axial  velocity  profile  is  nearly  constant;  thus,  not  in 
the  shear  layer.  As  the  jet  velocity  was  increased  for  the  non¬ 
swirling  flow  (from  Case  1  to  Case  2),  the  jet  fluid  spread  with 
a  larger  angle  because  of  enhanced  turbulent  stirring,  whereas 
the  flame  zone  shifted  inward  as  mentioned  earlier  (Fig.  2). 
Swirl  lowered  the  mean  axial  velocity  of  both  jet  fluid  and 
annulus  fluid  (cf.  Cases  2-4). 

The  impact  of  swirl  appeared  more  evidently  in  the  mean 
radial  velocity  profiles  (Fig.  6);  swirl  induced  the  radial  veloc¬ 
ity  component  of  the  annulus  fluid  even  at  the  near-exit  plane. 
At  X  =  1.5  mm  (Fig.  6(c)),  the  mean  radial  velocity  of  the 
annulus  fluid  was  small  ( <  I  m/s)  for  nonswirling  flows  (Cases 
1  and  2),  whereas  for  swirling  flows  (Cases  3  and  4),  it  in¬ 
creased  up  to  ^-2.5  m/s  and  —5  m/s,  respectively.  Since  the 
mean  axial  velocity  of  the  annulus  fluid  was  --20  m/s  for  Cases 
3  and  4  (Fig.  5(c)),  these  values  of  radial  velocity  translate  to 
the  streamline  off-axis  angle  of  7  and  14  deg,  respectively.  This 
peculiar  behavior  was  not  observed  for  cold  air  jets  with  swirl 
under  the  same  jetting  velocities  (Takahashi  et  al.,  1992).  Since 
the  effect  of  centrifugal  forces  on  submicron-size  tracer  particles 


Rg.  5  Mean  axial-velocity  distribution  across  the  hydrogen  jet  fidme  at 
three  different  heights 


Rg.  6  Mean  radial-velocity  distribution  across  the  hydrogen  Jet  flame 
at  three  different  heights 


is  small,  the  deflection  of  the  streamlines  was  likely  to  be  in¬ 
duced  by  the  pressure  field,  which  was  distorted  by  swirl  in  a 
combusting  flow  with  the  density  several  times  smaller  than 
that  of  air.  Although  the  geometric  swirling  number  (based  on 
the  annulus  flow)  for  ^  =  45  deg  was  larger  (0.78)  than  a 
critical  value  ( -0.6  [Chigier  and  Beer,  1972] )  for  the  formation 
of  recirculation,  no  recirculation  zone  was  formed  because  of 
a  large  jet  velocity.  However,  the  outward  deflection  of  the 
annulus  fluid  apparently  induced  the  radial  velocity  of  the  jet 
fluid  downstream  (Figs.  6(u)  and  6(b))  to  satisfy  continuity 
of  the  fluid.  Moreover,  the  differences  in  the  mean  velocities 
between  jet  fluid  and  annulus  fluid  at  a  same  location  were 
significant,  particularly  swirling  flows.  If  conditional  samplings 
were  not  made  in  the  LDV  measurement,  the  measured  mean 
velocities  would  have  been  biased  toward  those  of  jet  fluid, 
which  had  a  higher  axial  velocity  (and  data  rate),  thus  degrad¬ 
ing  the  accuracy  of  measurements  and  covering  the  structure 
of  the  turbulent  flow  field. 

Figure  7  shows  the  radial  profiles  of  the  mean  tangential 
velocity  component  for  swirling  flows  (Cases  3  and  4).  The 
swirling  motion,  initially  given  only  in  the  annulus  fluid,  spread 
into  the  jet  fluid  downstream.  For  ^  =  45  deg,  the  tangential 
momentum  penetrated  into  the  jet  fluid  even  near  the  axis  at  x 
=  25  mm,  whereas  for  ^  =  30  deg,  it  did  not  reach  the  near- 
axis  location  even  at  x  =  50  mm. 

Figure  8  shows  the  radial  profiles  of  (absolute)  turbulence 
intensities  of  axial,  radial,  and  tangential  velocity  components 
at  X  =  25  mm.  The  rms  values  of  fluctuations  (or  the  square 
root  of  second  central  moments)  indicate  the  directional  compo¬ 
nents  of  the  absolute  turbulence  intensity  (or  twice  turbulent 
kinetic  energy  [TKE]).  For  Case  1  (Re,  =  2208),  the  turbu¬ 
lence  intensities  were  relatively  small  (<5  m/s)  and  nearly 
constant  except  for  the  region  where  the  jet  and  annulus  fluids 
overlap  (the  turbulent  stirring  layer).  By  contrast,  for  Cases  2- 
4  (Re,  =  8830),  all  components  of  turbulence  intensities 
showed  a  peak  in  the  shear  layer  of  the  jet  where  the  radial 
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Fig.  7  Mean  tangential-velocity  distribution  across  the  hydrogen  jet 
flame  at  three  different  heights 


gradient  of  mean  axial  velocity  component  was  large,  and  the 
turbulence  level  of  annulus  fluid  inside  the  flame  zone  increased 
rapidly  in  the  turbulent  stirring  layer.  The  turbulence  was  aniso- 


Fig.  8  Turbulence  intensity  distribution  across  the  hydrogen  jet  flame 
atx  ==  25  mm:  (a)  axial,  (b)  radial,  and  (c)  tangential  velocity  componerrts 


tropic  (i.e.,  the  rms  of  the  axial  component  was  larger  than 
those  of  radial  and  tangential  components),  typical  of  turbulent 
jets.  As  swirl  became  stronger  (cf.  Cases  2-4),  the  turbulence 
intensities  increased,  particularly  in  the  central  region  (y  <  4 
mm) ,  where  the  mean  axial  velocity  component  decreased  while 
the  mean  radial  and  tangential  velocity  components  increased. 
It  is  noticed  that  for  Case  4.  the  flame  zone  was  subjected  to 
high-intensity  turbulence  at  x  =  25  mm:  radial  rms  fluctuation 
reached  ^-4  m/s  in  the  near  flame  region  where  the  mean  radial 
velocity  was  —  3  m/s. 

Figure  9  shows  the  pdf’s  (histograms)  of  axial,  radial,  and 
tangential  velocity  components  for  both  jet  fluid  (top  three 
rows)  and  annulus  fluid  (bottom  row)  for  Case  3  at  selected 
radial  locations  atx  =  25  mm.  Although  these  pdf ’s  are  selected 
samples,  they  represent  typical  characteristics  of  the  mean  and 
turbulent  velocity  fields  in  turbulent  hydrogen  jet  diffusion 
flames  shown  as  the  mean  velocity  components  (first  central 
moments  of  the  pdf ’s)  in  Figs.  5-7  and  the  turbulent  intensities 
(second  central  moments)  in  Fig.  8.  The  characteristics  related 
to  shape  of  the  pdf’s  (skewness  and  kurtosis)  will  be  discussed 
in  the  next  section. 

Figure  10  shows  the  axial  variations  in  the  mean  axial  veloc¬ 
ity  component  and  turbulence  intensities.  As  the  jet  velocity 
was  increased  for  the  nonswirling  flames  (from  Cases  1  to  2), 
the  mean  axial  velocity  decayed  more  rapidly,  and  the  turbu¬ 
lence  intensities  peaked  at  a  location  closer  to  the  jet  exit  as 
a  result  of  enhanced  turbulent  stirring,  promoting  transverse 
diffusion  of  turbulence.  As  swirl  became  stronger  (cf.  Cases 
2-4),  the  velocity  decay  was  accelerated  further  because  of  the 
faster  spreading  of  the  jet  and  enhanced  turbulent  mixing.  The 
turbulence  intensity  peak  shifted  upstream  further  and  became 
larger  because  of  more  intense  turbulent  stirring.  Compared  to 
nonreacting  air  jets  studied  previously  (Takahashi  et  al.,  1992), 
the  axial  velocity  decayed  more  rapidly  and  turbulence  intensity 
peak  locations  approached  to  the  jet  exit  in  current  combusting 
flows  (Cases  2-4). 

Turbulence  Structure.  The  detailed  structure  of  the  turbu¬ 
lence  field  in  hydrogen  jet  diffusion  flames  is  presented  next 
for  selected  locations  and  conditions.  Figure  1 1  shows  the  radial 
profiles  of  the  Reynolds  shear  stress  and  gradient  of  the  mean 
axial  velocity.  The  most  significant  component  of  Reynolds 
shear  stress  tensor  (or  a  cross  central  moment),  u'v\  indicates 


Fig,  9  Probability-density  functions  of  velocity  in  the  hydrogen  Jet  flame 
(Case  3)  at  X  =  25  mm:  {3-d)  axial,  {e-h)  radial,  and  {i-!)  tangential 
velocity  components 


Journal  of  Heat  Transfer 


NOVEMBER  1996,  Vol.  118  / 


Rg.  10  (a)  Mean  axial  velocity,  {b)  axial,  (c)  radial,  and  (tf)  tangential 
velocity  fluctuations  along  the  center-line  of  the  hydrogen  jet  flame 


the  radial  diffusion  of  axial  momentum  by  turbulent  transport. 
For  all  cases,  the  peak  locations  of  the  turbulence  intensity  of 
axial  fluctuations  (Fig.  8(a))  approximately  coincide  with  those 
of  the  Reynolds  shear  stress  (Fig.  1 1  (a))  and  the  velocity  gradi¬ 
ent  (Fig.  i  1  (£?)) .  The  result  is  consistent  with  a  most  significant 
production  term  of  the  conservation  equation  for  TKE:  shear 
stress  multiplied  by  strain.  Thus,  the  production  of  TKE  is 
primarily  in  the  shear  layer  in  the  developing  region  in  the  near 
field,  similar  to  self-preserving  air  jets  (Hinze,  1975;  Wygnan- 
ski  and  Fiedler,  1969).  The  production  of  TKE  decays  down¬ 
stream  as  the  shear  stress  and  velocity  gradient  decrease  (Taka- 
hashi  et  al.,  1994a).  For  the  low- velocity  condition  without 
swirl  (Case  1),  the  peak  values  of  the  Reynolds  shear  stress 
are  an  order  of  magnitude  smaller  than  that  for  the  high-velocity 


Rg.  11  Distribution  of  (a)  Reynolds  shear  stress  and  (b)  axial-velocity 
gradient  across  the  hydrogen  jet  flame  at  x  =  25  mm 


flame  (Cases  2~4)  and  increased  toward  the  outermost  data 
point  despite  the  vanished  velocity  gradient.  This  result  might 
be  caused  by  large-scale  vortices  that  evolved  near  the  boundary 
of  the  low-turbulence  jet  flame.  The  effect  of  swirl  on  the  Reyn¬ 
olds  shear  stress  is  weak  except  for  the  central  region  ( <4  mm) 
for  Case  4,  where  turbulence  intensities  increased.  TTie  other 
components  of  Reynolds  shear  stress  tensor  (not  shown)  are 
much  smaller  than  u'v' . 

Third-order  central  moments  (triple  correlations)  provide 
characteristics  of  the  diffusion  term  of  the  TKE  equation.  Figure 
12  shows  (a)  the  axial,  (b)  radial,  and  (c)  tangential  transport 
of  the  three  components  of  TKE  for  Case  3  at  x  =  25  mm.  The 
axial  diffusion  of  the  axial  and  radial  TKE  components 
u'-M')  and  the  radial  diffusion  of  the  axial  and  radial  TKE 
components  (M'^^  and  u'^)  show  a  common  trend:  They  are 
negative  in  the  inner  region  (y  <  4  mm)  and  positive  in  the 
outer  region  (y  >  4  mm)  with  a  zero  value  at  y  =  0  and  4  mm. 
The  zero  crossing  point  (y  «  4  mm)  approximately  coincides 
with  the  location  where  the  second-order  moments  peaked 
(Figs.  8  and  11),  as  mentioned  earlier.  Therefore,  the  change 
in  sign  indicates  that  TKE  was  produced  in  the  shear  layer  near 
y  4  mm  and  diffused  both  inward  and  outward.  The  radial 
gradients  of  these  quantities  appearing  in  the  TKE  balance  equa¬ 
tion  indicate  a  gain  or  loss  of  each  term.  In  the  axial  direction, 
TKE  was  transported  upstream  in  y  <  4  mm  and  downstream 
in  y  >  4  mm.  The  other  moments  are  relatively  small  except 
for  which  had  a  peak  at  y  »  5  mm. 

Figure  13  shows  the  skewness  and  kuitosis  (i.e.,  the  third 
and  fourth  central  moments,  respectively,  normalized  by  vari¬ 
ance)  of  each  velocity  component  for  Case  3  at  x  =  25  mm. 
Skewness  is  a  measure  of  asymmetry  of  the  pdf,  with  positive 
values  implying  a  more  gradual  tailing  off  toward  the  higher- 
velocity  side  than  the  lower-velocity  side.  Kurtosis  is  a  measure 


Rg.  12  Triple-correlation  distribution  across  the  hydrogen  jet  flame 
(Case  3)  at  X  =  25  mm 
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Rg.  13  Distribution  of  (a)  skewness  and  (6)  kurtosis  across  the  hydro¬ 
gen  jet  flame  (Case  3)  at  x  =  25  mm 

of  the  flatness  of  the  pdf,  with  larger  values  corresponding  to 
a  top-hat  shape  rather  than  a  gently  curved  hill.  Both  skewness 
and  kurtosis  for  the  Gaussian  distribution  are  zero  (kurtosis  is 
defined  here  as  the  noimalized  forth  moment  minus  three).  The 
skewness  for  the  axial  velocity  component  (5„)  at  x  =  1.5  mm 
and  y  =  0  mm  (not  shown)  was  approximately  -0.4,  consistent 
with  the  value  observed  in  fully  developed  turijulent  pipe  flows, 
implying  upward  TKE  transport.  Thus,  the  distributions  of 
skewnesses  and  kurtoses  in  the  developing  region  of  jet  flame 
are  strongly  affected  by  pipe-flow  turbulence;  they  are  different 
from  self-preserving  jets  (Wygnanski  and  Fiedler,  1969).  The 
variations  in  skewness  and  kurtosis  are  consistent  with  the  shape 
of  the  pdf’s  shown  earlier  (Fig.  9).  The  pdf’s  of  the  axial 
velocity  component  at  y  =  0  and  4  mm  (Figs.  9(a)  and  9(Z?), 
respectively)  show  symmetric  distributions  (S„  »  0),  while  at 
y  =  8  mm  for  both  jet  and  annulus  fluids  (Figs.  9(c)  and  9{d), 
respectively)  the  distribution  was  skewed  toward  the 'high-ve¬ 
locity  side  (S„  ^  1 ).  Compared  to  the  axial  velocity  component, 
the  pdf’s  of  radial  and  tangential  components  (Figs.  9(c)- 
9(1) )  are  fairly  symmetric,  except  for  the  radial  component  for 
annulus  fluid  (Fig.  9(h)).  Unlike  self-preserving  jets  (Wygnan¬ 
ski  and  Fiedler,  1969),  in  which  bo±  skewness  and  lairtosis 
increased  monotonously  toward  the  edge  of  the  jet,  their  varia¬ 
tions  in  the  developing  region  of  jet  flames  are  more  compli¬ 
cated  due  to  the  presence  of  the  high-temperature  region  near 
the  outermost  data  point  for  jet  fluid. 

Conclusions 

Detailed  nonintrusive  measurements  of  the  velocity  and  tem¬ 
perature  fields  with  the  statistical  treatment  of  the  data  revealed 
some  characteristics  of  the  developing  region  of  turbulent  hy¬ 
drogen  jet  diffusion  flames  with  or  without  swirl.  Increasing 
the  jet  velocity  shifts  the  apparent  turbulent  flame  zone  inward, 
makes  the  thermal  layer  thinner,  and  thus,  strains  the  flame  zone 
in  the  near  field.  On  the  other  hand,  swirl  generally  promotes 
turbulence  and  creates  a  positive  radial  velocity  component  even 
at  the  jet-exit  plane  (which,  in  turn,  induces  the  radial  velocity 
of  the  jet  fluid),  thereby  shifting  the  flame  zone  outward  and 
broadening  the  thermal  layer.  (The  outward  flow  deflection  was 
not  observed  in  nonreacting  air  jets  studied  previously.)  The 
peculiar  result  for  the  swirling  flame  is  particularly  important 
when  applying  the  boundary  conditions  in  computations;  the 
upstream  boundary  may  need  to  be  taken  well  below  the  jet 
exit  outside  the  pressure  field  variation  due  to  swirl  if  the  experi¬ 
mental  results  are  not  used  as  the  boundary  condition. 


The  distributions  of  second  and  third-order  velocity  moments 
provide  a  physical  insight  into  the  generation  and  diffusion  of 
TKE.  TKE  is  generated  in  the  shear  layer,  where  velocity  gradi¬ 
ent  and  Reynolds  shear  stress  reach  their  peaks.  TKE  diffuses 
inward  and  outward  from  the  shear  layer  and  then  downstream 
in  the  outer  region  and  upstream  in  the  inner  region.  Both  skew¬ 
nesses  and  kurtoses  of  velocity  components  in  the  near  field 
were  largely  affected  by  the  pipe-flow  turbulence.  The  presence 
of  swirl  in  the  flame  promoted  early  jet  spread  and  turbulent 
stirring,  thus  accelerating  the  decay  of  the  mean  axial  velocity 
and  shifting  the  turbulence  intensity  peaks  upstream.  Bimodal 
temperature  pdf’s  and,  in  turn,  large  rms  values  were  observed 
on  the  air-side  of  the  flame  zone.  The  conditionally  sampled 
velocity  data  and  the  nonintrusively  measured  temperature  data 
presented  in  this  paper  can  be  used  to  validate  advanced  compu¬ 
tational  models  capable  of  predicting  the  high-order  moments 
(triple  correlations)  for  each  fluid. 
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Study  of  Flame  Stability  in  a 
Step  Swirl  Combustor 

A  prime  requirement  in  the  design  of  a  modem  gas  turbine  combustor  is  good 
combustion  stability,  especially  near  lean  blowout  (LBO),  to  ensure  an  adequate 
stability  margin.  For  an  aeroengine,  combustor  blow-off  limits  are  encountered  dur¬ 
ing  low  engine  speeds  at  high  altitudes  over  a  range  of  flight  Mach  numbers.  For 
an  industrial  combustor,  requirements  of  ultralow  NO^  emissions  coupled  with  high 
combustion  efficiency  demand  operation  at  or  close  to  LBO.  In  this  investigation,  a 
step  swirl  combustor  (SSC)  was  designed  to  reproduce  the  swirling  flow  pattern 
present  in  the  vicinity  of  the  fuel  injector  located  in  the  primary  zone  of  a  gas  turbine 
combustor.  Different  flame  shapes,  structure,  and  location  were  observed  and  detailed 
experimental  measurements  and  numerical  computations  were  performed.  It  was 
found  that  certain  combinations  of  outer  and  inner  swirling  airflows  produce  multiple 
attached  flames,  aflame  with  a  single  attached  structure  just  above  the  fuel  injection 
tube,  and  finally  for  higher  inner  swirl  velocity,  the  flame  lifts  from  the  fuel  tube  and 
is  stabilized  by  the  inner  recirculation  zone.  The  observed  difference  in  LBO  between 
CO-  and  counterswirl  configurations  is  primarily  a  Junction  of  how  the  flame  stabilizes, 
i.e.,  attached  versus  lifted.  A  turbulent  combustion  model  correctly  predicts  the 
attached  flame  location  ( s),  development  of  inner  recirculation  zone,  a  dimple-shaped 
flame  structure,  the  flame  lift-off  height,  and  radial  profiles  of  mean  temperature, 
axial  velocity,  and  tangential  velocity  at  different  axial  locations.  Finally,  the  signifi¬ 
cance  and  applications  of  anchored  and  lifted  flames  to  combustor  stability  and  LBO 
in  practical  gas  turbine  combustors  are  discussed. 


Introduction 

A  prime  requirement  in  the  design  of  a  modem  gas  turbine 
combustor  is  good  combustion  stability,  especially  near  lean 
blowout  (LBO),  to  ensure  an  adequate  stability  margin.  For  an 
aircraft  engine,  combustor  blow-off  limits  are  encountered  dur¬ 
ing  low  engine  speeds  at  high  altitudes  over  a  range  of  flight 
Mach  numbers  and  a  good  design  ensures  that  the  combustor 
steady-state  burning  remains  within  the  operating  envelope. 
This  envelope  should  be  extensive  enough  to  encompass  the 
under-  and  overshoots  associated  with  the  different  response 
rates  to  the  throttle  movements  of  the  fuel  system  and  the  rotat¬ 
ing  machinery.  For  an  industrial  combustor,  requirements  of 
ultralow  NO^  emissions  coupled  with  high  combustion  effi¬ 
ciency  demand  operation  at  or  close  to  LBO,  thereby  eroding 
the  safety  margins.  Therefore,  a  fundamental  study  of  flame 
stability  in  a  model  step  swirl  combustor  (SSC)  has  important 
practical  applications,  and  this  provided  a  strong  motivation  to 
undertake  the  present  investigation. 

The  physical  mechanisms  responsible  for  the  stabilization  of 
a  flame  on  the  fuel  injector  lip  (in  the  near-field  region)  are 
not  fiilly  understood.  In  the  past,  the  stabilization  mechanism 
of  free  jet  diffusion  flames  has  been  investigated  by  Vanquick- 
enbome  and  van  Tiggelen  (1966),  Gollahalli  et  al.  (1985), 
Pitts  (1988,  1990),  Bradley  et  al.  (1990),  Takahashi  et  al. 
(1984,  1990),  and  Takahashi  and  Goss  (1992).  A  prime  goal 
of  these  investigations  was  to  predict  flame  blowout  accurately. 
For  example,  Vanquickenbome  and  van  Tiggelen  ( 1966)  devel¬ 
oped  the  stabilization  criterion  that  the  total  approach  velocity 
should  be  balanced  by  the  turbulent  burning  velocity  of  the 
mixture.  Takahashi  et  al.  ( 1984)  found  that  the  local  velocities 
in  the  vicinity  of  an  attached  flame  are  laminar,  and  the  flame 
stability  mechanism  is  the  balance  of  the  total  approach  velocity 
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in  the  attached  flame  zone  with  the  laminar  burning  velocity  of 
the  mixture.  However,  in  a  modem  annular  gas  turbine  combus¬ 
tor,  the  flame  is  stabilized  by  producing  a  swirl-induced  recircu¬ 
lation  zone  in  the  flow  field.  This  zone  is  generated  by  a  combi¬ 
nation  of  three  mechanisms:  an  axial  swirling  air  jet  associated 
with  each  fuel  introduction,  sudden  expansion  of  the  axial  swirl¬ 
ing  jets  as  they  enter  the  primary  zone,  and  back  pressure  pro¬ 
vided  by  an  array  of  radial  air  jets  at  the  end  of  the  primary  zone. 
An  SSC  was  designed  to  reproduce  this  type  of  complicated 
recirculation  flow  pattern.  This  paper  discusses  the  different 
shapes,  stracture,  and  location  of  the  stabilized  flame  in  the 
SSC  and  how  these  various  factors  affect  LBO. 

Test  Facility 

The  SSC.  Figure  1  shows  a  schematic  diagram  of  the  SSC, 
which  has  a  150  X  150-mm  cross  section  with  rounded  comers, 
lengA  of  754  mm,  and  a  step  height  of  55  mm.  The  SSC 
provides  a  geometrically  simple,  optically  accessible  research 
combustor  capable  of  reproducing  the  fiiel-air  mixing  pattern 
downstream  of  the  airblast  atomizer  located  in  the  dome  region 
of  a  modem  annular  gas  turbine  combustor.  The  SSC  also  offers 
independent  control  over  inner  and  outer  airstreams.  The  SSC 
was  mounted  on  a  vertical  combustion  tunnel  with  a  three-axis 
traversing  mechanism. 

Fuel  was  supplied  to  the  combustor  by  the  annular  fuel  tube 
(20  mm  i.d.  and  29  mm  o.d.),  which  is  coaxially  sandwiched 
between  swirling  airstreams:  the  inner  air  jet  (20-mm-dia)  and 
the  outer  annular  air  jet  (29  mm  i.d,  and  40  mm  o.d.).  The 
combustor  exit  has  a  45  percent  blockage  orifice  plate  on  top, 
which  simulates  the  back  pressure  exerted  by  the  dilution  jets 
in  a  practical  gas  turbine  combustor  (see  Sturgess  et  al.,  1990). 
The  SSC  has  quartz  windows  on  all  four  sides  to  permit  visual 
observations  and  laser  diagnostics  measurements.  The  station¬ 
ary  helical  vane  swirlers  were  located  25  mm  upstream  from 
the  burner  tube  exit  in  each  of  the  air  passages.  The  inner  swirler 
has  six  vanes  with  a  central  1.4-mm-dia  hole  to  prevent  the 
flame  from  anchoring  to  the  swirler.  The  outer  swirler  has 
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(20  mm) 

Fig.  1  Schematic  diagram  of  a  step  swir!  combustor 


twelve  vanes.  Inner  s wirier  lengths  are  25  and  19  mm,  respec¬ 
tively,  for  30  and  45  deg  swirlers;  outer  swirler  length  was  32 
mm  for  the  30  deg  swirler.  Swirler  lengths  and  number  of  vanes 
were  adequate  to  ensure  that  the  air  closely  follows  the  swirl 
vane  angle.  The  swirlers  were  precision-fabricated  in  a  rapid 
prototype  manufacturing  process  known  as  stereolithography. 
These  swirlers  performed  satisfactorily  at  the  level  of  high  tem¬ 
peratures  present  in  the  SSC. 

Instrumentation 

CARS  System.  Figure  2  shows  a  schematic  of  a  Coherent 
Anti-Stokes  Raman  Spectroscopy  (CARS)  optics  system, 
which  was  used  for  nonintrusive  flame  temperature  measure¬ 
ments.  Pan  et  al.  ( 1991 )  have  provided  detailed  information  on 
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Fig.  3  Schematic  of  the  LDA  system  optics 


CARS  measurements.  Briefly,  the  CARS  signal  was  generated 
by  combining  two  30  mJ  doubled  Nd:Yag  beams  at  532  nm 
and  one  25  mJ  broad  band  dye  laser  beam  centered  at  607  nm 
and  pumped  by  the  same  Nd:Yag  laser.  The  pulse  laser  and 
detector  camera  run  at  10  Hz.  A  Boxcars  configuration  with  an 
ellipsoidal  probe  volume  approximately  25  /xm  (dia)  X  250  /xm 
(length)  was  used  for  collecting  the  signal.  The  detector  is  a 
Princeton  Instruments  intensified  576  X  384  charge  coupled 
device  (CCD).  The  intensifier  is  triggered  by  a  Princeton  PG- 
10  pulser.  A  Princeton  ST- 130  controller  operates  the  camera 
and  the  detector  chiller.  The  collection  process  is  controlled 
by  Pnnceton’s  ST- 130  CSMA  software  package  running  on  a 
personal  computer.  Spectra  are  fit  to  a  library  of  spectra  by  a 
nonlinear  fitting  routine  running  on  a  personal  computer.  A 
total  of  250  samples  were  taken  for  each  CARS  temperature 
measurement. 

LDA  System.  Figure  3  illustrated  the  optical  setup  of  the 
LDA  system.  Nonintrusive  velocity  measurements  were  made 
using  a  Dantec  Fiber-Flow  LDA  system.  Essentially,  this  LDA 
system  is  an  upgraded  version  of  the  system  used  by  Durbin 
and  Ballal  ( 1996).  The  two-dimensional  LDA  system  uses  the 
514  nm  and  488  nm  lines  from  an  argon-ion  laser.  The  laser 
output  is  directed  into  a  Dantec  Fiber  flow  transmitter  where 
the  colors  are  separated  and  directed  to  optical  fiber  couplers 
by  a  Bragg  cell  operating  at  40  MHz.  The  four  beams  are  guided 
to  the  probe  via  polarization  preserving  fibers.  The  recollimated 
and  focused  laser  beams  cross  to  produce  an  ellipsoidal  probe 
volume  approximately  100  /xm  (dia)  X  1000  /xm  (length).  A 
fluidized-bed  seeder  was  used  to  inject  submicron-sized  (97 
percent  <  1  /xm)  ZrO:  particles  into  each  burner  tube  passage. 
Velocity  biasing  was  resolved  by  seeding  one  passage  at  a  time 
in  a  manner  similar  to  Takahashi  et  al.  (1992).  The  forward 
scattered  signal  is  collected  and  separated  by  dichroic  mirrors 
before  it  is  detected  by  photomultiplier  tubes  and  processed  by 
individual  TSI  burst  counters.  Typical  coincident  sampling  rates 
exceeded  1  kHz  in  flames.  A  total  of  2048  coincident  samples 
were  collected  for  each  velocity  measurement.  Custom-de¬ 
signed  software  was  used  to  reduce  the  data  on  a  personal 
computer.  Three-component  noncoincident  velocity  measure¬ 
ments  were  made  with  the  two-dimensional  LDA  system  by 
scanning  in  the  transverse  and  radial  directions  to  get  axial  and 


Nomenclature 


k  =  turbulent  kinetic  energy 
Re  =  Reynolds  number 
T  =  mean  temperature 
U,  W  =  mean  axial  and  tangential  veloc¬ 
ities,  respectively 


Af,  y,  Z  =  transverse,  radial,  and  axial 
directions,  respectively 
€  =  turbulent-energy  dissipation 
rate 

0  =  swirl  vane  angle 

<f>  =  overall  equivalence  ratio 


Subscripts 

/  =fuel 
i  =  inner 
o  =  outer 
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Table  1  Test  matrix  for  the  step  swirl  combustor  experiments  (all  tests 
at  room  temperature  and  atmospheric  pressure) 


Variable 

Range 

Inner  vane  angle,  0  j,  degrees 

0,30  and  45 

Outer  vane  angle,  Qq,  degrees 

30 

Vane  configuration 

co  and  counter-swirl 

Inner  air  velocity,  Uj,  m/s 

14.4 

Re 

18.0  xl03 

Outer  air  velocity,  Uq,  m/s 

8.6 

Re 

14.8  xKP 

Fuel  velocity,  Uf,  m/s 

2.5 

Re 

3.2x103 

Equivalence  ratio,  ^ 

0.9 

Fuel 

tangential  velocities,  and  axial  and  radial  velocities,  respec¬ 
tively. 

Test  Conditions.  Table  1  lists  all  the  test  conditions.  Dur¬ 
bin  and  Ballal  (1996)  have  shown  that  increasing  the  inner 
vane  angle  increases  turbulent  mixing  and  strengthens  the  inner 
recirculation  zone:  these  changes  dramatically  affect  the  flame 
structure  and  the  stability  characteristics.  Therefore,  experi¬ 
ments  were  performed  to  reveal  the  differences  in  flame  struc¬ 
ture  by  changing  the  inner  vane  angle.  Test  conditions  were 
also  chosen  to  compare:  (/)  attached  versus  lifted  flames  and 
(//)  CO- versus  counterswirl  configurations. 

Experimental  measurements  included  flame  photography, 
three-component  mean  and  rms  velocities,  mean  and  rms  tem¬ 
peratures,  and  LBO.  The  LBO  data  were  collected  by  main¬ 
taining  a  constant  airflow  rate,  heating  the  combustor  to  a  near 
steady-state  temperature  at  stoichiometric  fuel -air  ratio,  and 
then  gradually  decreasing  the  fuel  flow  rate  until  blowout  oc¬ 
curred.  This  is  a  standard  procedure  that  has  been  adopted  in 
our  laboratory  since  the  work  of  Sturgess  et  al.  (1991). 

Turbulent  Combustion  Model 

A  time-dependent  axisymmetric  model,  which  solves  axial- 
and  radial-momentum  equations,  continuity,  swirl,  turbulent  en¬ 
ergy  (/:),  turbulent-energy  dissipation  (e),  and  enthalpy  and 
species  conservation  equations  was  used  to  simulate  the  flow- 
field  in  the  SSC.  The  standard  isotropic  k-  e  turbulence  model 
was  incorporated  into  this  code.  Details  are  described  by  Katta 
and  Roquemore  (1993)  and  Katta  et  al.  ( 1994).  Briefly,  in  this 
turbulence  model,  density  (p)  was  obtained  by  solving  the  state 
equation  while  pressure  field  at  every  time  step  is  determined 
from  pressure  Poisson  equations.  Even  though  ail  the  governing 
equations  were  solved  in  an  uncoupled  manner,  the  turbulence 
and  species  conservation  equations  are  coupled  through  the 
source  terms  during  the  solution  process  to  improve  the  stability 
of  the  algorithm. 

In  the  present  analysis  of  reacting  flows,  a  simple  global- 
chemical-kinetics  model  involving  methane,  oxygen,  water,  car¬ 
bon  dioxide,  and  nitrogen  was  used  as  follows: 


CEU  +  2  O2  “!■  N2  =>  CO2  +  2  H2O  +  Nt  .  ( 1 ) 

The  specific  reaction  rate  for  Eq.  ( 1 )  was  written  in  Arrhenius 
form  with  an  activation  energy  of  20  kcal/mole  and  pre-expo¬ 
nential  of  2.0  X  10’’  These  rate  constants  were 

determined  by  predicting  the  lift-off  of  a  8  m/s  laminar  methane 
jet  flame  (Katta,  1995). 

An  orthogonal,  staggered  grid  system  with  varying  cell  sizes 
in  both  the  z  and  y  directions  was  utilized.  The  momentum 
and  swirl  equations  were  integrated  using  an  implicit  Quadratic 
Upstream  Interpolation  for  Convective  Kinematics  with  Esti¬ 
mated  Streaming  Terms  (QUICKEST)  numerical  scheme 


Fig,  4  Lean  blowout  data  comparing  inner  vane  angle,  co-swirl  (co)  and 
counter-swirl  (ct),  and  methane  with  propane.  Test  conditions  were  So 
=  30%  4>  =  0.9,  Ui  =  14.4  m/s,  =  8.6  m/s,  =  2.S  m/s. 


(Katta  etal.,  1994;  Leonard  1979),  which  is  third-order  accurate 
in  both  space  and  time  and  has  a  very  low  numerical  diffusion 
error.  On  the  other  hand,  the  species,  enthalpy,  and  turbulence- 
energy  conservation  equations,  which  have  relatively  large 
source  terms,  were  integrated  using  the  hybrid  scheme  of  Spal¬ 
ding  (1972),  By  rearranging  the  terms,  the  finite-difference 
form  of  each  governing  equation  at  all  grid  points  was  written 
as  a  system  of  algebraic  equations,  which  was  then  solved  by 
using  Alternative  Direction  Implicit  (ADI)  technique.  The  time 
increment,  Ar,  was  determined  from  the  stability  constraint 
and  maintained  as  a  constant  during  the  entire  calculation.  The 
pressure  field  at  every  time  step  was  accurately  calculated  by 
simultaneously  solving  the  system  of  algebraic  pressure  Poisson 
equations  at  all  grid  points  using  the  LU  (Lower-Upper)  de¬ 
composition  technique. 

Temperature-  and  species-dependent  thermodynamic  and 
transpon  properties  were  used  in  this  formulation.  The  enthalpy 
of  each  species  was  calculated  from  polynomial  curve-fits,  while 
the  viscosity,  thermal  conductivity,  and  diffusion  coefficients  of 
the  species  were  estimated  from  the  Leonard-Jones  potentials. 
Measured  velocity  profiles  were  used  at  the  fuel  and  air  inflow 
boundaries.  All  other  flow  variables  (/:,  e,  mass  fractions,  and 
T)  along  these  boundaries  were  assumed  to  be  distributed  uni¬ 
formly.  A  simple  extrapolation  procedure  (Katta  et  al.,  1994) 
with  weighted  zero-  and  first-order  terms  was  used  to  estimate 
the  flow  variables  on  the  outflow  boundary.  The  usual  no-slip, 
adiabatic,  and  chemically  inert  boundary  conditions  were  ap¬ 
plied  at  the  walls.  Wall  functions  were  used  for  determining 
the  gradients  of  the  flow  variables  near  the  walls. 

Results  and  Discussion 

Experimental  Observations 

Flame  Stability.  LBO  data  were  collected  for  all  test  condi¬ 
tions.  In  addition,  some  propane  LBO  data  were  collected  to 
examine  fuel  effects  on  flame  stability.  Figure  4  shows  LBO 
data  comparing  co-  and  counterswirl  and  propane  with  methane. 
These  differences  will  be  discussed  after  examining  flame  char¬ 
acteristics  utilizing  long  exposure  flame  photographs  taken  with 
a  35-mm  camera.  Figure  5(<2-e)  reveal  dramatic  flame  struc¬ 
ture  differences  in  the  five  test  configurations.  The  only  two 
variables  in  test  conditions  for  the  five  cases  were  inner  vane 
angle  and  co-  or  counterswirl  configuration.  Test  conditions 
were  Oo  =  30  deg,  d>  =  0.9,  U,  =  14.4  m/s,  U„  =■  8.6  m/s,  Uf 
=  2.5  m/s,  using  methane  fuel. 

Figure  5  (13)  shows  that  no  swirl  in  the  inner  air  stream  pro¬ 
duces  a  long  tubelike  central  flame  structure.  The  30  deg  outer- 
swirl  produces  an  outer  flame  structure,  which  approximates 
the  30  deg  pattern.  The  attached  flame  appears  to  be  stabilized 
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(e) 


(a)  (b)  (c) 

Bg,  5  Photographs  ^Justra^ng  the  flame  structure  for  {3)  »  0  deg,  (b)  0;  ~  30  deg  coswirt,  (c)  d,  ==  45 

deg  coswirt,  {</)  j?,  ^  30  deg  counterswirt,  and  (e)  0i  «  4$  deg  counterswirl.  Test  conditions  were  -  30 
deg,  4>  *  03y  Ui  «  14.4  m/s,  t/^  =  8.6  m/s,  LTf  =  2-5  m/s,  metharie. 


at  Che  inner  air  side  of  the  fuel  tube  and  also  at  the  outer  air 
side  of  the  fuel  tube.  Small  traces  of  Same  structure  outside  the 
outer  air  stream  are  also  visible  and  this  can  only  occur  if  the 
fuel  penetrates  the  fast-moving  outer  air  stream  or  if  the  fuel 
recirculates  in  the  outer  recirculation  zone  before  burning.  It  is 
suspected  that  the  dynamic  characteristics  of  the  turbulent  flow 
bring  packets  of  fuel  into  die  recirculation  zone  and  these  pack¬ 
ets,  in  turn,  bum  in  the  mixing  layer  of  the  outer  air  and  the 
recirculation  zone.  Sturgess  et  5.  { 1991 )  have  observed  similar 
results  for  a  fiame  stabilized  in  the  outer  recirculation  zone. 
This  dynamic  turbulent  exchange  phenomenon  is  more  dramatic 
for  an  outer  vane  angle  of  60  deg,  which  produces  a  stronger 
outer  recirculation  zone. 

Hgure  5(b)  shows  a  fiame  photograph  with  coswirl  configu¬ 
ration  and  30  deg  inner  vane  angle.  The  fiame  is  lifted,  diere 
is  premixing  at  its  base,  and  it  stabilizes  with  a  dimple  shape 
within  the  inner  recirculation  zone.  The  fiame  lifts  because 


inner  air  stream  penetrates  the  fuel  stream  with  a  velocity  too 
high  for  an  attached  fiame  to  stabilize  and  the  fiame  is  blown 
downstream.  Also,  the  inner  recirculation  is  caused  by  tihe  inner 
air  stream  pushing  out  toward  the  wall,  leaving  a  low-pressure 
region  in  the  central  portion  of  the  combustor.  Chen  and  Driscoll 
{i9SS)  have  made  ^milar  observations  on  the  formation  and 
structure  of  an  inner  recirculating  vortex.  Hgure  5(c)  shows 
that  increasing  &e  inner  angle  from  30  deg  coswiri  to  45 
deg  coswirl  widens  the  fiame  shape  and  decreases  ±e  lift  height. 
This  occurs  because  an  increase  in  vane  angle  increases  the  size 
and  strength  of  die  inner  redrcuiation  zone  but  it  does  not 
change  die  stability*  mechanism:  i.e.,  fiame  is  sdli  stabilized 
within  the  inner  recirculation  zone. 

Hgure  5(d)  shows  die  fiame  structure  for  30  deg  inner  vane 
angle  counterswirl.  The  fiame  has  a  bulbish  shape  above  the 
hie!  tube.  Decreasing  the  fuel  fiow  velocity  causes  the  fiame 
attachment  just  above  the  fiiel  tube.  Hgure  5(e)  shows  that 


(a)  C>) 

Rg.  6  Computed  tempefSture  distnbution  tn  SSC  for  (a)  6/  =  0  deg  and  (b)  6/  «  30  deg  coswirt. 
Test  conditions  are  identical  to  Figs.  5(a)  and  5(0),  respectively. 
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Rg.  7  Radial  temperature  profiles  at  different  axial  locations  for  {a)  $i 
=  0  deg,  and  {b)  $i-30  deg.  Test  conditions  correspond  with  Rgs.  5(a) 
and  5(b),  respectively.  •  Expenmental,— computational. 


increasing  the  inner  vane  angle  from  30  deg  counterswirl  to  45 
deg  counterswirl  causes  too  much  penetration  of  the  inner  air 
into  the  fuel  zone  and  this  causes  the  flame  to  lift  and  stabilize 
within  the  inner  recirculation  zone. 

Lean  Blowout  Figure  4  shows  LBO  data  comparing  co- 
and  counterswirl  for  two  values  of  the  inner  vane  angle,  namely 
30  and  45  deg,  for  both  methane  and  propane  gaseous  fuels. 
The  propane  data  were  taken  at  identical  test  conditions  for 
comparison  purposes.  Three  observations  can  be  made: 

1  LBO  values  were  found  to  be  lower  with  propane  fuel 
than  with  methane  fuel  for  all  the  conditions  of  the  tests.  A 
plausible  explanation  is  that  the  air/methane  mass  velocity  ratio 
{pU)al{pU)„  is  higher  than  the  corresponding  air/ propane  ra¬ 
tio;  this  produces  enhanced  methane-air  mixing  (as  compared 
to  propane-air  mixing)  and  hence  a  higher  value  of  LBO.  Fig¬ 
ures  5{b),  5(c),  and  5(c)  for  methane  flames  clearly  show  an 
evidence  of  premixing  at  the  flame  base  followed  by  a  lifted 
flame  structure  stabilized  in  the  inner  recirculation  zone. 

2  For  a  30  deg  inner  vane  angle,  LBO  values  were  lower 
for  counterswirl  as  opposed  to  coswirl  flow  direction.  This  result 


arises  because  for  the  counterswirl  flow,  shearing  braids  cause 
lower  air  velocities  just  above  the  fuel  tube  leading  to  an 
attached  flame  (which  has  a  lower  value  of  LBO);  in  contrast 
the  coswirl  flow  gives  higher  axial  mean  velocity  directly  above 
the  fuel  tube,  causing  the  flame  to  lift  from  the  fuel  tube  thereby 
compromising  flame  stability;  i.e.,  higher  values  of  LBO  are 
obtained. 

3  As  the  inner  vane  angle  is  increased  from  30  to  45  deg, 
LBO  values  increase  correspondingly  and  also  LBO  becomes 
less  sensitive  to  swirl  flow  direction.  This  happens  because  the 
higher  (45  deg)  inner  swirl  angle  directs  more  inner  airflow 
toward  the  fuel  tube,  causing  the  flame  to  lift.  This  lifted  flame 
produces  higher  values  of  LBO. 

Analysis 

Flame  Stability— Computed  Results.  Predictions  were 
made  for  different  flow  conditions  using  the  turbulent  combus¬ 
tion  model  described  earlier.  Results  in  the  form  of  temperature 
distributions  for  zero-  and  30  deg  inner  coswirl  cases  (corre¬ 
sponding  to  Figs,  5(a)  and  5(^)  are  shown  in  Figs.  6(a)  and 
^{b),  respectively.  Measured  axial,  radial,  and  tangential  veloc¬ 
ity  profiles  at  the  exits  of  the  inner-air  and  fuel  tubes  and  turbu¬ 
lent  mass-averaged  outer  air  velocity  obtained  from  the  volu- 


Fig.  8  Calculated  and  measured  velocities  for  =  0  deg  case  at  axial 
locations  (a)  20  mm,  (d)  40  mm,  (c)  60  mm,  and  (d)  80  mm.  Circles  and 
lines  represent  measured  and  computed  velocities,  respectively. 
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metric  flow  rate  provided  the  inlet  boundary  conditions  for  these 
predictions.  Figures  6(a)  and  6(b)  show  the  predicted  flame 
images,  i.e.,  temperature  distributions  corresponding  to  flame 
photographs  shown  in  Figs.  5(a)  and  5(b).  Note,  the  inner  box 
marked  on  the  computed-flame  images  corresponds  with  the 
dimensions  of  the  flame  photographs.  The  following  observa¬ 
tions  were  made  from  the  calculated  temperature  fields:  (/)  In 
Fig.  6 (a)  (zero  inner  swirl),  the  computations  correctly  pre¬ 
dicted  the  locations  of  flames  on  either  side  of  the  fuel  jet.  (ii) 
In  Fig.  6(b)  (30  deg  coswirl),  a  recirculation  bubble  develops 
inside  the  inner  air  jet  and  it  produces  the  dimple-shaped  flame, 
and  (in)  the  lift-off  height  for  case  (ii)  predicted  by  the  model 
matches  well  with  the  experimental  data.  These  computations 
support  the  qualitative  observations  on  flame  photographs  de¬ 
scribed  above. 

The  calculated  radial  temperature  profiles  at  different 
axial  locations  are  compared  with  the  measured  data  in  Figs. 
1(a)  ZTidl(b)  for  zero  swirl  and  30  deg  swirl  cases,  respec¬ 
tively.  In  Fig.  1(a),  in  the  absence  of  swirl,  the  inner  air 
jet  spreads  gradually,  leading  to  a  long  tubelike  inner  flame. 
Both  the  calculations  and  measurements  show  that  the  tem¬ 
perature  at  the  center  of  the  SSC  over  the  measurement 
range  (z  =  0  to  80  mm)  is  nearly  the  same  as  that  of  the 
room  temperature  air. 

Figures  8  and  9  illustrate  a  comparison  between  predicted 
and  measured  velocities  for  the  zero  and  30  deg  swirl  cases, 
respectively.  Axial  (U)  and  swirl  (W)  velocity  components 
were  compared  at  different  axial  locations.  For  the  no-swirl 
case,  calculated  velocity  profiles  agreed  well  with  the  exper¬ 
imental  data.  With  30  deg  inner  swirl,  the  measured  swirl 
velocity  was  generally  higher  than  the  predictions,  espe¬ 
cially  in  the  regions  Y  >  22  mm.  Since  the  outer  air  was 
not  seeded  and  the  outer  velocity  profile  was  approximated, 
there  are  discrepancies  at  locations  radially  away  from  the 
outer  jet. 

In  summary,  our  simple  turbulence  model  with  a  single-step 
global-chemical-kinetics  provides  a  reasonable  prediction  of 
flame  shape  and  location,  flame  temperatures,  and  axial  and 
swirl  velocities.  Wherever  differences  exist  between  predictions 
and  measurements,  an  explanation  is  offered  and  further  investi¬ 
gations  along  those  lines  are  proceeding. 

Flame  Shape,  Structure,  and  Location,  From  the  examina¬ 
tion  of  numerous  flame  photographs  and  the  detailed  numerical 
computations,  flame  stability  in  the  SSC  at  the  tested  flow  condi¬ 
tions  primarily  depends  upon  the  attached  flame  and  the  lifted 
flame  processes  as  sketched  in  Fig,  10  and  described  below. 
Sturgess  et  al.  (1991)  and  Sturgess  and  Shouse  (1993)  have 
found  that  studies  of  such  fundamental  flame  stability  processes 
have  great  relevance  to  flame  stability  in  modem  annular  gas 
turbine  combustors. 

1  Multi^attached  flame.  This  type  of  attached  flame  is 
sketched  in  Figs.  10(a,  b).  As  shown  in  Fig.  10(a),  for  the 
combination  of  strong  outer  swirl  (60  deg)  and  zero  inner  swirl, 
the  flame  is  simultaneously  attached  at  three  locations:  (f)  inner 
air  side  of  the  fuel  stream,  (ii)  outer  air  side  of  the  fuel  stream, 
and  (Hi)  outside  of  the  outer  air  stream.  It  may  be  postulated 
that  the  dynamic  characteristics  of  the  flow  bring  packets  of 
fuel  into  the  outer  recirculation  zone,  then  bum  in  the  mixing 
layer  of  the  outer  air  and  the  recirculation  zone.  As  the  strength 
of  the  outer  air  swirl  is  decreased  (30  deg)  the  attached  flame 
structure  shifts  to  that  sketched  in  Fig.  10(b)  where  the  flame 
no  longer  has  an  attachment  on  the  outer  sir  side  of  the  fuel 
stream. 

2  Single-attached  flame.  Figure  10(c)  illustrates  this  sin¬ 
gle  attached  flame  structure.  This  type  of  attached  flame  is 
observed  for  low  inner  (30  deg)  and  outer  (30  deg)  count¬ 
erswirling  air  flows.  Such  flow  conditions  cause  the  collapse  of 
the  twin  attached  flame  stmcture  sketched  in  Fig.  10(£?)  to  a 
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Fig.  9  Calculated  and  measured  velocities  for  /  s  30  deg  case  at  axial 
locations  (a)  20  mm,  (6)  40  mm,  (c)  60  mm,  and  (cf)  80  mm.  Circles  and 
lines  represent  measur^  and  computed  velocities,  respectively. 


single  attachment  just  above  the  fuel  tube.  This  type  of  attached 
flame  was  also  observed  for  the  coswirl  configuration  but  at  a 
lower  combustor  loading. 

3  Lifted  flame.  Rgure  lO(^)  illustrates  this  type  of  flame; 
also  it  is  observed  in  the  photographs  of  Figs,  5(^7),  5(c),  and 
5(c).  The  flame  lifts  from  the  fuel  tube  lip  because  of  the  high 
mean  axial  velocity  in  the  near-field  region  above  the  fuel  tube. 
The  lifted  flame  is  stabilized  by  the  inner  recirculation  zone. 
However,  increasing  the  swirl  intensity  and/or  combustor  load¬ 
ing  only  slightly  changes  flame  stability,  i.e.,  LBO  values  re¬ 
main  fairly  constant  for  lifted  flames.  This  is  because  the  lifting 
of  a  flame  is  usually  accompanied  by  a  premixing  of  fuel  and 
air  at  the  base  of  the  flame.  This  premixing  compromises  the 
stability  of  the  lifted  flame  over  that  of  an  attached  flame,  i.e., 
LBO  values  are  higher  for  a  lifted  flame  than  for  an  attached 
flame. 

Now,  it  is  also  clear  that  the  observed  difference  in  LBO 
between  co-  and  counterswirl  configurations,  as  shown  in  Fig.  4, 
is  primarily  a  function  of  how  the  flame  stabilizes.  Counterswirl 
conditions  readily  produce  an  attached  flame  for  moderate  inner 
swirl  intensity  (30  deg);  however,  both  configurations  produce 
lifted  flames  for  higher  swirl  intensity  (45  deg)  and  for  this 
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Fig.  10  Sketches  illustrating  the  flame  shape,  structure,  and  location  in  the  SSC 


latter  condition  the  LBO  values  are  very  similar.  Finally,  Stur- 
gess  et  al.  ( 1991 )  and  Sturgess  and  Shouse  ( 1993 )  have  eluci¬ 
dated  the  significance  and  applications  of  anchored  and  lifted 
flames  to  practical  gas  turbine  combustor  stability  and  LBO. 
They  observe  three  basic  flame  conditions:  a  thin  sheathlike 
pilot  anchored  flame,  a  shear  layer  flame  associated  with  the 
inner  and  outer  recirculation  zones,  and  a  lifted  main  flame, 
which  allows  considerable  premixing  of  reactants  to  take  place 
prior  to  combustion.  These  observations  further  confirm  the 
relevance  and  importance  of  the  present  work  to  practical  gas 
turbine  combustors. 

Conclusions 

An  SSC  was  designed  to  reproduce  the  swirling  flow  pattern 
present  in  the  vicinity  of  the  fuel  injector  located  in  the  primary 
zone  of  a  gas  turbine  combustor.  Different  flame  shapes,  struc¬ 
ture,  and  location  were  observed  and  detailed  experimental  mea¬ 
surements  and  numerical  computations  were  performed. 

1  For  the  combination  of  strong  outer  swirl  and  zero  inner 
swirl,  a  multiple  attached  flame  exists  simultaneously  over  the 
fuel  and  air  injection  tubes.  As  the  strength  of  the  outer  air 
swirl  is  decreased  and  that  of  the  inner  swirl  increased,  the 
flame  structure  gradually  shifts  to  a  single  attachment  above 
the  fuel  injection  tube. 

2  For  higher  inner  swirl  velocity,  the  flame  lifts  from  the 
fuel  tube  and  is  stabilized  by  the  inner  recirculation  zone.  Pre¬ 
mixing  of  fuel  and  air  at  the  base  of  the  flame  compromises 
the  stability  of  the  lifted  flame  over  that  of  an  attached  flame, 
i.e„  LBO  values  are  higher  for  a  lifted  flame  than  for  an  attached 
flame. 

3  The  observed  difference  in  LBO  between  co-  and 
counterswirl  configurations  is  primarily  a  function  of  how 
the  flame  stabilizes.  Counterswirl  conditions  readily  pro¬ 
duce  an  attached  flame  for  moderate  inner  swirl  intensity; 
however,  both  configurations  produce  lifted  flames  for 
higher  inner  swirl  intensity  and  for  this  latter  condition  the 
LBO  values  are  very  similar. 

4  Computations  based  upon  a  turbulent  combustion  model 
correctly  predict  the  attached  flame  locations,  the  development 
of  an  inner  recirculation  zone,  which  produces  a  dimple-shaped 
flame  structure,  and  finally  the  flame  lift-off  height.  The  calcu¬ 
lated  radial  mean  temperature  profiles  at  different  axial  locations 
agreed  well  with  the  measured  CARS  temperature.  Also,  the 
calculated  velocity  profiles  agree  reasonably  well  with  the  LDA 
measurements  of  mean  axial  and  mean  tangential  velocities. 
These  computations  show  the  presence  of  a  strong  inner  recircu¬ 
lation  zone  in  the  SSC,  provide  the  location  of  the  reattachment 
point  of  this  recirculation  bubble,  and  confirm  the  transport  of 
combustion  products  upstream. 

Finally,  Sturgess  et  al.  (1991)  and  Sturgess  and  Shouse 
( 1993)  have  elucidated  the  significance  and  applications  of  an¬ 


chored  and  lifted  flames  to  practical  gas  turbine  combustor  sta¬ 
bility  and  LBO.  This  confirms  the  importance  and  relevance  of 
the  present  work  to  gas  turbine  combustors. 

Acknowledgments 

This  work  was  supported  by  the  U.S.  Air  Force,  Wright  Labo¬ 
ratory,  Fuels  and  Lubrications  Division,  Aero-Propulsion  and 
Power  Directorate,  Wright  Patterson  Air  Force  Base,  Dayton, 
OH,  under  contract  No.  F33615-92-C-2207,  with  Mr.  Charles 
W.  Frayne  serving  as  the  Air  Force  Technical  Monitor.  The 
authors  wish  to  thank  Mr.  W.  John  Schmoll  for  the  custom 
LDA  processing  software. 

References 

Bradley,  D.,  Gaskell,  P.  H..  and  Lau,  A.  K.  C.,  1990,  “A  Mixcdness-Reacted- 
ness  Flamelet  Model  for  Turbulent  Diffusion  Flames,"  Twenty-Third  Symposium 
(International)  on  Combustion,  The  Combustion  Institute,  p.  685. 

Chen.  R.  H.,  and  Driscoll,  J.  F.,  1988,  “The  Role  of  the  Recirculation  Vortex 
in  Improving  Fuel- Air  Mixing  Within  Swirling  Flames,"  Twenty-Second  Sympo¬ 
sium  (International)  on  Combustion,  The  Combustion  Institute,  p.  281. 

Durbin,  M.  D.,  and  Balial,  D.  R.,  1996.  "Studies  of  Lean  Blowout  in  a  Step 
Swirl  Combustor.”  ASME  Journal  of  Engineering  for  Gas  Turbines  and 
Power.  Vol.  118.  pp.  72-78. 

Gollahalli.  S,  R..  Savas,  0.,  Huang,  R.  F.,  and  Rodriguez  Azara.  J.  L.,  1985, 
"Structure  of  Attached  and  Lifted  Gas  Jet  Flames  in  Hysteresis  Region,"  Twenty - 
First  Symposium  (International)  on  Combustion,  The  Combustion  Institute,  p. 
295. 

Katta,  V.  R..  and  Roquemore.  W.  M.,  1993.  "Numerical  Method  for  Simulating 
Fluid-Dynamic  and  Heat-Transfer  Changes  in  Jet  Engine  Injector  Feed-Arm  Due 
to  Fouling,"  Journal  of  Thermophysics  and  Heat  Tranter,  p.  651. 

Katta.  V.  R.,  Goss,  L.  P..  and  Roquemore.  W.  M.,  1994,  "Numerical  Investiga¬ 
tions  of  Transitional  H2/N2  Jet  Diffusion  Flames,"  AlAA  Journal,  Vol.  32,  p. 
84. 

Katta,  V,  R.,  1995,  internal  report  in  preparation. 

Leonard.  B.  P.,  1979,  "A  Stable  and  Accurate  Convective  Modeling  Procedure 
Based  on  Quadratic  Upstream  Interpolation,"  Computational  Methods  in  Applied 
Mechanics  and  Engineering,  Vol.  19,  p.  51. 

Pan.  J.  C..  Vangsness.  M.  D.,  Hcneghan,  S.,  and  Balial,  D.  R.,  1991,  “Scalar 
Measurements  of  Bluff  Body  Stabilized  Flames  Using  CARS  Diagnostics,” 
ASME  Paper  No.  91-GT-302. 

Pitts,  W,  P.,  1988.  "Assessment  of  Theories  for  the  Behavior  and  Blowout  of 
Lifted  Turbulent  Jet  Diffusion  Flames,"  Twenty-Second  Symposium  (Iniema- 
tional)  on  Combustion.  TTxe  Combustion  Institute,  p.  809. 

Pitts,  W.  P..  1990,  “Large-Scale  Turbulent  Structures  and  the  Stabilization  of 
Lifted  Turbulent  Jet  Diffusion  Flames,"  Twenty-Third  Symposium  (International) 
on  Combustion,  The  Combustion  Institute,  p.  661. 

Spalding,  D.  B.,  1972.  "A  Novel  Finite  Difference  Formulation  for  Difference 
Expressions  Involving  Both  First  and  Second  Derivatives."  International  Journal 
for  Numerical  Methods  in  Engineering,  Vol.  4.  p.  551. 

Sturgess,  G.  J.,  Lesmerises,  A.  L.,  Heneghan.  S.  P..  and  Balial,  D.  R.,  1990, 
"Design  and  Development  of  a  Research  Combustor  for  Lean  Blowout  Re¬ 
search."  ASME  Journal  of  Engineering  for  Gas  Turbines  and  Power,  Vol. 
114,  p.  13. 

Sturgess,  G.  J.,  Sloan,  D.  G.,  Roquemore,  W.  M.,  Shouse,  D.,  Lesmerises.  A. 
L.,  Balial,  D.  R.,  Heneghan,  S.  P.,  Vangsness,  M.  D.,  and  Hedman.  P,  O.,  1991, 
"Flame  Stability  and  Lean  Blowout — A  Research  Program  Progress  Report," 
Paper  No.  91-7037,  Proceedings  of  Tenth  ISABE.  Nottingham.  United  Kingdom. 

Sturgess,  G.  J..  and  Shouse,  D.,  1993,  “Lean  Blowout  Research  in  a  Generic 
Gas  Turbine  Combustor  With  High  Optical  Access."  Paper  No.  93-GT-332,  to 
appear  in  the  Transactions  of  the  ASME. 


/  Vol.  118,  APRIL  1996 


Transactions  of  the  ASME 


Takahashi.  F.,  Mizomoio.  M..  Ikai.  S..  and  Fukati,  N..  1984,  “Lifting  Mecha¬ 
nism  of  Free  Jei  Diffusion  Flames.**  TM/entieth  Symposium  (International )  on 
Combustion,  The  Combustion  Institute,  p.  295. 

Takahashi,  F..  Schmoll.  W.  J..  and  Vangsness.  M.  D..  1990,  “Effects  of  Swirl 
on  the  Stability  and  Turbulent  Structure  of  Jet  Diffusion  Flames.’*  Paper  No. 
AIAA-90-0036. 

Takahashi,  F..  and  Goss.  L.  P..  1992.  “Near-Field  Turbulent  Structures  and 


the  Local  Extinction  of  Jet  Diffusion  Flames,**  Twenty-Fourth  Symposium  (Inter¬ 
national)  on  Combustion,  The  Combustion  Institute,  p.  351. 

Takahashi,  F..  Vangsness.  M.  D.,  and  Belovich.  V.  M..  1992.  “Conditional 
LDV  Measurements  in  Swirling  and  Non-swirling  Coaxial  Turbulent  Air  Jets  for 
Model  Validation,”  Paper  No.  AlAA-92-0580. 

Vanquickenbome,  L..  and  van  Tiggelen.  1966.  “The  Stabilization  Mechanism 
of  Lifted  Diffusion  Flames,”  Combustion  and  Flame,  Vol.  10.  p.  59. 


APRIL  1996,  Vol.  118  / 


Journal  of  Engineering  for  Gas  Turbines  and  Power 


136 


APPENDIX  I 

Studies  of  Lean  Blowout  in  a 
Step  Swirl  Combustor 

M.  D.  Durbin,  D.  R.  Ballal 


137 


M.  D.  Durbin 


D.  R.  Ballal 

Fellow  ASME 

Department  of  Mechanical 
and  Aerospace  Engineering. 
University  of  Dayton, 
Dayton.  OH  45469 


Studies  of  Lean  Blowout  in  a 
Step  Swirl  Combustor 

The  design  requirements  of  a  modem  gas  turbine  combustor  are  increasingly  dictated 
by  wide  stability  limits,  short  flame  length,  and  uniform  mixing.  To  achieve  the  best 
trade-off  between  these  three  factors,  flame  characteristics  (length,  shape, 
mixedness),  lean  blowout  (LBO),  and  optimum  combustor  configuration  should  be 
investigated  over  a  wide  range  of  inner  and  outer  air  velocities,  inner  and  outer 
vane  angles,  and  co-  versus  counterswirl  arrangements.  Such  an  investigation  was 
performed  in  a  step  swirl  combustor  (SSC)  designed  to  simulate  the  fuel -air  mixing 
pattern  in  a  gas  turbine  combustor  dome  fitted  with  an  airblast  atomizer.  It  was 
found  that  an  increase  in  the  outer  vane  angle  and  a  decrease  in  inner  air  velocity 
decreased  the  flame  length.  LBO  was  improved  when  outer  flow  swirl  intensity  was 
increased.  An  optimum  hardware  and  velocity  configuration  for  the  SSC  was  found 
for  inner  swirl  =  45  deg,  outer  swirl  =  60  deg,  coswirl  direction,  and  inner  air 
velocity  —  outer  air  velocity  =  16  m/s.  This  optimum  SSC  configuration  yielded: 
(i)  low  values  of  LBO,  (ii)  short  flame  length,  (Hi)  uniformly  mixed  stable  flame, 
and  ( iv)  little  or  no  variation  in  these  characteristics  over  the  range  of  operation  of 
SSC.  Finally,  the  co-  versus  counterswirl  arrangements  and  the  operation  of  the 
optimized  combustor  configuration  are  discussed. 


Introduction 

An  important  design  requirement  of  a  modem  gas  turbine 
combustor  is  good  combustion  stability;  that  is,  the  combustor 
should  sustain  burning  over  a  wide  range  of  fuel -air  ratios 
encompassing  the  entire  range  of  engine  operating  conditions, 
including  rapid  acceleration  and  deceleration.  Also,  short  flame 
length  and  uniform  mixing  are  equally  important.  To  achieve 
the  best  trade-off  between  wide  stability  limits,  short  flame 
length,  and  uniform  mixing,  the  characteristics  of  the  flame, 
lean  blowout  (LBO),  optimum  combustor  geometry,  and  their 
influence  on  LBO  should  be  investigated.  This  provides  the 
necessary  impetus  for  our  research. 

In  this  paper,  experimental  studies  in  a  step  swirl  combustor 
(SSC)  burning  gaseous  propane  fuel  were  p^ormed.  The  fuel 
was  injected  in  the  form  of  an  annular  jet  coaxially  sandwiched 
between  two  swirling  airstreams.  This  configuration  simulates 
the  fuel-air  mixing  pattern  just  downstream  of  an  airblast  atom¬ 
izer  located  in  the  dome  region  of  a  modem  annular  gas  turbine 
combustor.  The  SSC  was  also  intended  to  be  a  marriage  between 
the  two  combustor  configurations  extensively  studied  earlier  in 
our  laboratory:  a  step  combustor  (Sturgess  et  al.,  1990,  1991) 
and  a  swirl  combustor  (Takahashi  et  al.,  1990).  Specifically, 
we  have  investigated,  over  a  wide  range  of  inlet  conditions  of 
velocity,  swirl  vane  angles,  and  swirl  directions  (coswirl  versus 
counterswirl):  (/)  flame  characteristics  such  as  length,  shape, 
and  mixedness;  (ii)  LBO;  and  (Hi)  combustor  flow  field  pat¬ 
terns.  Special  emphasis  was  given  to  assess  the  flame  character¬ 
istics  of  coswirl  versus  counterswirl  arrangements.  For  example, 
counterswirl  may  generate  a  strong  shear  layer  but  the  opposed 
airstreams  tend  to  nullify  the  swirling  motion  in  the  flow  field. 
On  the  other  hand,  coswirl  generates  a  high  tangential  momen¬ 
tum  but  produces  a  weaker  shear  layer.  The  combustion  process 
in  the  SSC  was  also  optimized  in  terms  of  a  short  flame  length, 
high  level  of  mixedness,  and  low  LBO.  Such  results  are  pre¬ 
sented  and  their  implications  to  practical  combustor  design  are 
discussed. 
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Experimental  Work 

The  SSC,  Figure  1  shows  a  schematic  diagram  of  the  SSC, 
which  has  150  X  150-mm  cross  section  with  rounded  comers, 
length  of  754  mm,  and  a  step  height  of  55  mm.  The  SSC 
provides  a  geometrically  simple,  optically  accessible  research 
combustor  capable  of  reproducing  the  fuel -air  mixing  pattern 
downstream  of  the  airblast  atomizer  located  in  the  dome  region 
of  a  modem  annular  combustor.  The  SSC  also  offers  indepen¬ 
dent  control  over  inner  and  outer  airstreams  so  that  velocities 
can  be  easily  optimized.  In  a  practical  airblast  atomizer,  effec¬ 
tive  areas  would  have  to  be  changed  to  perform  similar  optimi¬ 
zation;  this  is  time  consuming  and  expensive.  The  SSC  was 
mounted  on  a  vertical  combustion  tunnel  with  a  three-axis  tra¬ 
versing  mechanism  described  by  Sturgess  et  al.  (1990).  Mea¬ 
surements  of  various  flame  and  flow  parameters  were  performed 
using  different  instruments,  the  i^cipal  one  being  a  three- 
component  Laser-Doppler  Anemometer  (LDA). 

Fuel  was  supplied  to  the  combustor  by  the  annular  fuel  tube 
(20  mm  i.d.  and  29  mm  o.d.),  which  is  coaxially  sandwiched 
between  two  swirling  airstreams;  the  inner  air  jet  (20  imn  dia) 
and  the  outer  annular  air  jet  (29  mm  i.d.  and  40  mm  o.d.).  The 
combustor  exit  has  a  45  percent  blockage  orifice  plate  on  top, 
which  simulates  the  back  pressure  exerted  by  the  dilution  jets 
in  a  practical  gas  turbine  combustor  (see  Sturgess  et  al.,  1990). 
The  SSC  has  quartz  windows  on  all  four  sides  to  permit  visual 
observations  and  laser  diagnostics  measurements.  Optical  ac¬ 
cess  in  the  axial  direction  was  about  250  mm  from  the  burner 
tube  exit;  in  the  radial  direction,  it  was  about  30  mm  (3-D 
LDA)  and  70  mm  (2-D  LDA)  from  the  centerline. 

Stationary  helical  vane  swirlers  were  located  25  mm  upstream 
from  the  burner  tube  exit  in  each  of  the  air  passages.  The  inner 
swirler  had  six  vanes  with  a  central  1.4-mm-dia  hole  to  prevent 
the  flame  from  anchoring  to  the  swirler.  The  outer  swirler  had 
12  vanes.  Inner  swirler  lengths  are  25,  19,  and  19  mm,  respec¬ 
tively,  for  30, 45,  and  60  deg  swirlers;  outer  swirler  lengths  are 
32,  25,  and  19  mm,  respectively,  for  the  30,  45,  and  60  deg 
swirlers.  The  lengths  and  number  of  vanes  were  designed  to 
insure  that  there  was  no  straight-through  airflow  into  the  com¬ 
bustor.  Practical  combustors  usually  employ  axial-flow-type 
swirler  vanes.  The  swirler  vanes  are  usually  flat  for  ease  of 
manufacturing.  However,  the  flow  does  not  follow  the  angle  of 
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Fig.  1  Schematic  diagram  of  a  step  swirl  combustor 


the  flat  vane  as  accurately  as  it  does  the  angle  of  the  helical 
vane.  The  swirlers  were  precision-fabricated  in  a  rapid  prototype 
manufacturing  process  known  as  stereolithography.  These 
swirlers  performed  satisfactorily  at  high  temperatures  in  our 
combustor. 

Instrumentation.  Figure  2  shows  a  custom-made  three- 
component  LDA  system  used  for  velocity  measurements.  This 
is  a  three-beam  two-component  (axial  and  radial)  set  using  a 
514.5  nm  line  of  an  18  W  argon-ion  laser  with  a  component 
separation  based  on  polarization.  A  two-beam  third  component 
(tangential)  set  uses  a  488.0  nm  line  with  separation  by  color. 
Since  the  third  component  is  normal  to  the  first  and  second 
components,  the  measurement  volume  had  a  quasi-spherical 
shape  of  100  //m  diameter  and  the  calculated  Mnge  spacing 
was  3.6  fim.  The  LDA  system  has  Bragg  cell  frequency  shifting 
( 10  MHz  for  the  first  and  second  channels,  and  30  MHz  for 
the  third  channel)  for  measurements  in  recirculatory  flows,  4- 
<7  filtering  software  for  spurious  signals  (e.g.,  due  to  seed  ag¬ 
glomeration),  and  a  correction  subroutine  to  account  for  the 
LDA  signal-biasing  effects  in  combusting  flows.  A  fluidized- 
bed  seeder  was  used  to  inject  submicron-sized  (<1  ^m)  Zr02 
particles  into  each  passage.  Counter-type  (TSI  199CiC)  signal 
processors  and  tailor-made  coincidence  circuit  ensured  valid 
data  rate  acquisition.  All  the  LDA  signals  were  processed  using 
our  custom-designed  software,  which  calculates  intensity,  shear 
stresses,  higher  moments  (skewness  and  kurtosis),  and  pdfs. 
Typical  LDA  sampling  rates  exceeded  1  kHz  for  both  isothermal 
and  combusting  flow  measurements. 


Error  Analysis.  Both  the  fuel  flow  and  airflow  were  moni¬ 
tored  by  separate  electronic  flow  control  units  to  within  1  and 
3  percent  respectively.  The  combined  error  produced  an  uncer¬ 
tainty  of  1.5  percent  in  equivalence  ratio.  The  primary  source 
of  error  in  LDA  measurement  is  the  statistical  bias  of  the  final 
measured  velocity  toward  higher  mass  flux  (velocity  X  density) 
when  number-weighted  averages  are  used  to  calculate  stationary 
statistics.  Chen  and  Lightman  (1985)  and  Glass  and  Bilger 
(1978)  have  discussed  bias  correction  schemes.  After  allowing 
for  this  bias,  we  estimated  that  for  the  single-stream  seeding 
and  relatively  high-sampling  rates  of  our  experiments,  the  un¬ 
certainty  in  the  measurement  of  mean  velocity  was  1  percent 
and  for  rms  velocity  5  percent.  Near  the  flame  front,  where 
intermittency  would  be  much  higher,  the  uncertainty  in  rms 
velocity  could  be  as  high  as  7  percent.  The  long-term  repeatabil¬ 
ity  of  measurements  was  found  to  be  within  5  percent  for  turbu¬ 
lence  quantities. 

Test  Conditions.  Table  1  lists  the  test  matrix  for  the  SSC 
experiments.  All  tests  were  performed  at  room  temperature  and 
atmospheric  pressure  using  gaseous  propane  fuel  to  establish  a 
baseline.  It  should  be  noted  that  advanced,  near-stoichiometric 
combustors  of  the  future  will  admit  fuel  into  the  primary  zone 
in  a  prevaporized  state,  and  therefore,  may  not  require  high  air 
velocities  (>100  m/s)  for  liquid  fuel  atomization  employed  in 
conventional  combustors.  The  SSC  was  operated  to  study  flame 
characteristics,  flow  field,  and  LBO.  Five  variables  were  exten¬ 
sively  tested:  (f)  inner  air  velocity,  (zz)  outer  air  velocity,  (izz) 
inner  vane  angle,  (zV)  outer  vane  angle,  and  (y)  coswirl  versus 
counterswirl.  The  SSC  was  operated  over  a  wide  range  of  equiv¬ 
alence  ratios,  LBO  data  were  collected  by  maintaining  a  con¬ 
stant  airflow  rate,  heating  the  combustor  to  a  near-steady-state 
temperature  at  stoichiometric  fuel-air  ratio,  and  then  gradually 
decreasing  the  fuel  flow  rate  until  blowout  occurred.  This  is  a 
procedure  similar  to  that  adopted  by  Sturgess  et  al.  ( 1991 ).  The 
flame  length  was  defined  as  the  distance  from  the  nozzle  exit 
to  the  flame  tip  and  measured  by  taking  individual  color  snap¬ 
shots  of  the  combustion  process,  enlarging  these  photographs, 
and  then  carefully  plotting  the  luminous  boundary  of  the  flame 
front.  These  photographs  also  provided  data  for  visually  as¬ 
sessing  the  quality  of  mixing  (mixedness)  within  the  combus¬ 
tion  zone,  e.g.,  for  a  constant  foel  and  airflow  rate,  a  yellow  or 
sooty  flame  indicates  locally  rich  zones,  which  suggests  poor 
mixing. 

Results 

Flame  Characteristics.  Flame  length  measurements  were 
performed  because  the  length  directly  governs  the  length  of  the 
combustor  dome.  The  measurements  were  taken  at  stoichiomet¬ 
ric  equivalence  ratios  to  establish  a  baseline.  Long-exposure 
photographs  of  the  flame  were  taken  with  a  35-mm  camera. 
Typical  photographs  are  presented  in  Figs.  3(a) -(c)  to  illus¬ 
trate  how  flame  configuration  (length,  width,  and  shape) 
changes  for  no-swirl,  inner  swirl,  and  outer  swirl  conditions. 
As  seen  in  Fig.  3(a),  for  the  no-swirl  case,  the  flame  is  lifted 
and  the  combustion  zone  is  located  closer  to  the  combustor  exit. 
Introducing  a  mild  swirl  in  the  inner  airflow  (Fig.  3{b))  not 
only  shortens  the  flame,  but  also  causes  it  to  bulge  out  and  fill 
the  combustor  cross  section.  Finally,  as  shown  in  Fig.  3(c), 


Nomenclature 


D  =  inner  air  nozzle  diameter 
LBO  =  lean  blowout 
P  =  pressure 
Re  =  Reynolds  number 
U  =  axial  mean  velocity 


y,  Z  =  radial  and  axial  distance,  respec-  Subscripts 
tively  f  =  inner 

9  -  swirl  vane  angle  -  outer 

4>  —  equivalence  ratio 
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Rg.  2  S^sema^  of  a  custom-made  three-component  LDA  system  used  for  velocrty  meastirements 


swirling  the  outer  instead  of  the  inner  airflow  produces  an 
attached  flame  with  a  not-so-beneficM  elongated  combustion 
zone  downstream. 

Flame  lengths  were  measured  for  many  di^erent  SSC  op¬ 
erating  conditions;  &ese  are  shown  plotted  in  Hgs.  4-6.  It 
should  be  noted  that  for  all  cases  except  the  no-swirl  conditions, 
die  flame  was  nearly  attached  to  the  nozzle  exit  (at  stoichiomet¬ 
ric  values) .  Figure  4  shows  a  substantial  increase  in  flame  length 
with  a  flireefold  increase  in  inner  air  velocity  (for  a  constant 
value  of  outer  air  velocity  and  constant  d  =  1.0)  for  all  combi¬ 
nations  of  swMer  angles.  Oeariy,  this  appears  to  be  due  to  a 
direct  decrease  in  the  mixture  residence  time.  Figure  5  compares 
flame  length  with  changes  in  outer  airflow  for  a  constant  value 
of  inner  ^flow.  It  is  found  that  the  flame  length  decreases,  but 
only  when  the  outer  vane  angle  is  60  deg  or  hi^er,  i.e.,  only 
when  the  outer  swirl  intensity  (both  velocity  and  vane  angle) 
is  suflBiciently  hi^  Finally,  Fig.  6  illustrates  the  variation  of 
flame  length  with  co-  and  counterswirl  conditions  for  a  velocity 
combination  Ui  -  48  m/s  and  =  16  m/s.  For  all  combinations 
of  ixmer  and  outer  vane  angles,  he  coswiii  dicection  produced 
hotter  flames.  It  was  also  found  that  for  equal  velocities  of 
inner  and  outer  airstreams,  he  flame  was  very  shc»t  and  here 
was  no  noticeable  difference  in  flame  lengh  betw'een  co-  and 
counterswirl  conditions. 

To  furher  assess  the  influence  of  swM  direction  on  he  com¬ 
bustion  process,  Hgs.  7(a)  and  7(b)  show  he  piotogr^hs  of 
CO-  and  counterswirl  flame  structures,  respectively.  Boh  flames 
rapidly  spread  outward.  However,  he  coswiri  flame  (Hg.  7(a)) 
h^  a  diiiQ>le  sh^  at  he  cemer  and  shows  some  yellowih 
streaks  downstream  (evidence  of  nonuniform  mixing  and  diffu¬ 
sion-controlled  combustion),  whereas  he  counterswid  flame 


Table  1  Test  matrix  for  the  step  swH  combustor  experiments  (all  tests 
at  rxx>m  temperature  and  atmospheric  pressure  with  gaseous  propane 
fuc!) 


VarfaMc 

Range 

ter  v»e  aiJgIc 

30,45,aad60 

Outer  v3oe  Bq,  degrees 

30.45,aad60 

Vaae  conSgararioa 

CO  asri  cocstseT’Swid 

tear  air  velodty,  Uj.  m/s 

16. 32,  and  48 

Re 

20, 40.  and  60  xKP 

Outer  axr  vetocty,  Uq,  ta/s 

Sand  16 

Re 

14and28xl03 
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(Hg.  7(b) )  has  a  bulb  shape,  wMch  flilly  confines  he  bluish 
(evidence  of  unifonn,  premixed)  combustion  process. 

Since  he  co-  versus  counterswirl  effects  are  of  great  interest 
in  practical  combustor  design,  LDA  velocity  meastixements 
were  made  to  confirm  he  findings  given  above.  Hgures  8(<2)- 
(c)  show  he  radial  variation  of  mean  axial  velocity  at  hree 
different  axial  locations  downstream  of  he  fliel  nozzle.  These 
LDA  measurements  were  made  by  seeding  he  fuel  flow.  A 
comparison  between  Hgs.  8(^)  and  Z(b)  demonstrates  he 
changes  in  fiowfleld  due  to  combustion,  while  Figs.  Z(b)  and 
8(c)  illustrate  he  co-  versus  counterswirl  effects. 

Hgure  8(c)  shows  he  inner  recirculation  zone,  which  grows 
from  a  width  of  0J25D  (at  2/D  =  0.35)  to  0,45D  (at  Z/D 
225)  in  he  cold  flow.  In  he  annular  fuel  tube  region,  which 
is  sandwiched  between  he  inner  and  outer  airflow,  he  axial 
velocity  component  is  positive  and  decreases  rapidly  from  its 
inner  mean  value  of  16  m/s  to  he  outer  mean  value  of  8  m/s. 


(a)  <b)  (c) 


Rg.  3  Photographs  fflustratirtg  the  flame  structure  for  efifferent  swirl 
configurations:  (a)  no-swrri,  «  0,  (6)  inner  swirl,  »  45  deg, 

0,  and  (c)  outer  swtrt,  «  30  d^,  0i  «  0.  Test  concStions  were  at  ^ 
«  1.0,  U.  =  16  m/s,  and  *  8  m/s- 
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Hnally,  velocity  <teay$  so  a  low,  but  sdll  positive  value 
(ie.,  no  outer  recirculation  zone  at  least  for  Y/D  tip  k>  as 
moves  radially  outward  from  die  edge  of  tbe  outer  air  tube 
to  die  combustor  wall. 

As  s^n  in  Fig.  S(b) » the  h^t  release  of  combustion  produces 
the  acceleration  of  ihe  axial  velodQr  component  and  elongadon 
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Bg.  7  ^jotogr^ihs  itatraitmg  the  name  structure  for  («)  cosJwJrf 
(i>)  ootsxt^Tswki  anrangensents.  Test  condrtsons  were  <6  »  145,  Ui  «  16 
m/s,  (4  »  8m/s,  6; «  6o  «  30 deg. 


Ft9.8  lta<n3lvad3non  of  mean  axt^  velocity  at  nueedSff^entlocatKms 
cbwnstresHm  of  nozzle:  (a)  co^now  cos^Mnd,  (blhotflowcoswM, 

(e)  hot  l^ow  cotmlefsw^  test  concSt«>ns  ^  *  16  m/s, 

5s  8  m/s,  6/  -  6^  «  30  deg 


of  inner  recirculation  zone  in  the  axial  (downstream)  dSrecdon. 
For  example,  at  Z/D  «  1,  combustion  hm  elongated  (and  hence 
dec3s:ased)  recircuMon  zcme  width  by  30  percent;  and 
downstream  of  this  location,,  it  has  inciea^  the  msudmum 
mean  axia!  velocity  by  50  percent  in  fes  Y/I>  range.  Hus  mear^ 
diat  dirou^out  the  inner  ledrculadon  zone,  velocity  gradiems 
have  mcn^s^xi  sigsnhcaatfy,  contributing  to  intense  mixing  and 
unifOTUty.  Ihese  results  are  con^tent  vMi  the  &nple-shaped 
centra!  iame  stmcmre  observed  in  the  photograph  in  Hg.  7(a). 

Hgure  3(c)  Biustrates  the  axial  mean  velocity  pto&$  for 
counterswM  direction.  These  results  show  no  evidence  of  any 
inner  recirculation  zone.  Moreover,  in  the  anntdar  gzp  corre¬ 
sponding  to  die  fuel  mbe  locadon,  the  velodty  podle  has  a 
minimurn.  Presumably,  this  aris^  due  to  the  Sow  vdodty  can- 
cdladon  effect  product  by  the  counterrotating  swM.  Also, 
die  annular  fad  jet  is  {Objected  to  strtmg  shearing  action  of 
ccxmtenotadsg  braids  dong  its  inner  and  outer  boundaries.  As 
is  evident  in  Fig.  7(b),  dus  diearing  action  poduces  a  very 
diin  annular  him  near  d^  rmzzle  edt  (Z/D  up  to  1),  vdnch 
supports  an  attached  Same  ^lucture  in  the  combustcs:. 

h  dKmld  be  nomd  iha4  in  our  espedments,  ^  CO- and  coun¬ 
terswirl  arrangement  had  identical  overall  pr^sure  drop.  Yet 
diere  is  a  diSerence  in  their  mixing  diaractenstics  and,  hen<^, 
in  the  Same  structures.  Thus,  expressing  die  mixing  quality  only 
in  terms  of  die  overall  pressure  drop  can  be  dec^ve. 

LEO  Observations.  LEO  equivalence  ratios  were  recorded 
for  all  the  test  conditions  documented  in  Table  1.  Bich  blowout 
data  were  also  collected  to  verify  combusdon  ability  of  SSC 
for  various  parametric  combinadons.  However,  in  Figs.  9  and 
10,  only  LBO  data  are  presented  (repeatability  to  1:0.01)  be¬ 
cause  of  their  great  fnacdcal  importance.  These  data  may  be 
put  into  proper  persp^ve  by  noting  that,  for  a  perf^y  mixed 
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Fig.  10  A  comparison  of  tBO  data  for  co-  and  counterswir!  arrange¬ 
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propane-air  Same,  the  value  of  equivalence  rado  at  the  lean 
fiamnabiiity  ikmt  is  0.55. 

Figure  9  shows  &at  an  increase  in  outer  swirl  vane  angle 
improves  the  stability  of  lean  mixtures  (Le.,  LBO  values  de¬ 
crease).  An  outer  vane  angle  of  60  deg  produces  strong  outer 
recirculation  zones,  wMch  keep  the  dine  attached  to  the  exit 
nozzles  and  stabilize  the  combustion  process.  Strong  outer  swirl 
produces  locally  fuel-nch  zones  by  directing  the  ou^  airflow 
away  from  die  fuel  jet,  thereby  hirther  assisting  jSame  stability. 

Figure  10  shows  LBO  data  for  co-  and  counterswiri.  When 
inner  air  velocity  is  significantly  hi^er  dian  die  outer  air  veloc¬ 
ity,  coswM  provides  more  stable  combustion  and  always  yields 
slightly  lower  LBO  values  than  the  counterswiri  condition.  This 
presumably  occurs  because,  as  shown  in  Fig.  l{a).  die  coswiri 
Sow  direction  produces  less-uniform  mixing  in  die  combustor 
than  the  counterswiri  fiow  direction.  An  inrp^ecdy  mixed  dif- 
fiision  Same  blows  out  at  a  lower  overall  equivalence  ratio 
because  combustion  is  sustained  in  die  locaHy  lidi  mixture 
regions.  This  is  good  for  staMIity  but  it  should  be  recognized 
that  the  reactants  are  not  uniformly  mixed.  Thus,  there  is  an 
important  trade-off  to  be  considered  wdien  assessing  burning 
characteristics  of  co-  and  counterswiri  flows.  No  detectable  dif¬ 
ferences  in  LBO  values  were  found  for  co-  and  counterswiri 
fiow  conditions  wdien  inner  and  outer  air  velocities  were  equal. 

Optimum  Configuration.  The  preceding  results  on  Same 
length  and  LBO  suggest  an  optimum  configuration  of  inner  and 
outer  velocities,  inner  and  outer  swirl  vane  angles,  and  co- 
versus  counterswiri,  which  yields:  (z)  low  LBO  values,  (£f) 
short  fiame  length,  (in)  uniformly  mixed  stable  fiame,  and  (iv) 
little  or  no  variation  in  these  characteristics  over  die  SSC  range 
of  operation.  Hgure  11  shows  that  the  optimum  vane  angle 


16/8  32/8  48/8  16/16  32/1648/16 
AirVdodtyfixmcr/ooter)  m/s,  co-swxrf 


Fi^.  11  Variation  of  IBO  and  ftame  length  with  airflow  for  an  optimum 
vane  angle  confrguration  (6/ «  45  deg,  6*  =  $0  deg) 


=  45  deg.  -  60  deg)  provides  low  LBO  values  (average 
equivalence  ratio  =  0.38  ±  0.04)  and  short  fiame  leng^  (aver¬ 
age  55  mm  ±10  mm)  over  the  range  of  air  velocities  tested. 
For  all  odier  inner  and  outer  vane  angle  combinations,  die  aver¬ 
age  LBO  values  were  greater,  average  fiames  were  longer,  or 
more  data  variabilit>'  was  present  Likewise,  in  Fig.  12,  the 
optimum  inner  and  outer  velocity  split  (Ui  ^  Uc  -  16  m/s) 
provides  low  \’alues  of  LBO  (average  equivalence  ratio  =  0.41 
z:  0.03 )  and  short  fiame  length  (average  52  mm  ±  8  mm)  over 
the  range  of  vane  angles  tested. 

Hgures  i3(<2)  and  13(^)  show  the  flame  structure  at  the 
opmmm  condition  (inner  swiri  =  45  deg,  outer  swid  =  60 
deg.  coswiri  direcdonu  inner  air  velocity  =  outer  adr  velocity  = 
16  m/s)  for  equivalence  ratios  =  1  and  0.5,  respectively.  It 
is  observed  diat  the  fiame  structure  remains  confined  to  the 
combustor  dome  region  over  this  range  of  equivalence  ratio.  At 
the  overall  stoidiiometric  mixture  ratio  (Fig.  13(a),  the  fiame 
is  evenly  dispersed  throughout  die  combustor  and  the  same 
observation  holds  true  at  die  LBO  operating  condition  (Fig. 
13(b) ).  While  diis  may  be  acrodynamicaliy  desirable,  other 
factors  such  as  combustor  dome  cooling,  hi^-aldtude  ignition, 
and  emissions  requirements  can  dictate  the  optimum  fiame 
structure  in  a  practical  combustor.  Hnally,  no  noticeable  change 
was  observed  in  fiame  size  and  shape  when  the  inner  swirl 
angle  was  increased  fiom  45  to  60  deg. 

Discussion 

In  these  experiments  it  was  observed  diat,  compared  to  the 
counterswiriiag  aixangement,  the  coswiriing  fiow  ^read  the 
fuel -air  mixture  to  die  combustor  walls  and  produced  a  slightly 
shorter  fiame,  a  lower  LBO  value,  and  less  variability  of  the 


(a)  (b) 

Rg.13  Photographsinustr3tingthefl3rnestructureattheoptKnum<»i^ 
<Stions  (6,  =  45  cSeg,  «  60  deg,  U/  «  U*  «  16  m/s),  (a)  <5  =  1^.  (h)  <5 
*  0.5 
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combustion  characteristics  with  changes  in  hardware  and  flow 
conditions.  For  a  coswirl  arrangement,  Brady  and  Samuelsen 
(1991),  Brady  et  al.  (1991),  and  Sowa  et  al.  (1993)  have 
observed  an  excessive  transport  of  liquid  fuel  to  the  combustor 
walls,  resulting  in  unstable  operation.  Since  the  momentum  of 
their  liquid  fuel  sheet  was  likely  to  be  higher  than  that  of  our 
gaseous  propane  annular  jet,  their  observations  on  combustor 
wall  heating  and  combustion  instability  were  absent  in  our  tests. 
Also,  as  Sowa  et  al.  ( 1993)  have  pointed  out,  the  shorter  com¬ 
bustor  dome  length  required  to  confine  this  type  of  flame  may 
suppress  the  formation  and  strength  of  large-scale  turbulent 
eddies,  which  trigger  combustion  instabilities.  As  shown  in  Fig. 
7 (fl),  we  did  observe  some  yellow  streaks  downstream;  these 
stress  indicate  nonuniform  mixing  and  diffusion-controlled 
combustion.  However,  combustion  instability  for  the  co-swirl 
arrangement  at  the  LBO  operating  point  was  no  worse  than 
with  the  counterswirl  flow  arrangement. 

Finally,  detailed  velocity  and  temperature  mappings  of  the 
SSC  using  LDA  and  CARS  diagnostics  are  currently  being 
performed  to  ascertain  the  role  of  inner  and  outer  recirculation 
zones  on  the  combustion  stability  near  lean  blowout. 

Summary  and  Conclusions 

A  unique  SSC  was  designed  to  simulate  the  fuel-air  mixing 
pattern  produced  by  an  airblast  atomizer  located  in  the  combus¬ 
tor  dome  of  a  modem  annular  gas  turbine  combustor.  Experi¬ 
ments  were  performed  to  study  flame  characteristics  (length, 
shape,  and  mixedness),  LBO,  and  flow  patterns  in  this  combus¬ 
tor  over  a  wide  range  of  inner  and  outer  velocities,  inner  and 
outer  vane  angles,  and  co-  versus  counterswirl  arrangements. 
This  research  resulted  in  the  following  findings: 

1  The  two  most  significant  parameters  that  contributed  to 
decreasing  the  flame  length  are;  an  increase  in  the  outer  vane 
angle  and  a  decrease  in  inner  air  velocity.  Visual  flame  sooting 
decreased  when  the  inner  vane  angle  or  air  velocity  was  in¬ 
creased. 

2  LBO  improved  when  outer  swirl  intensity  was  increased. 
When  inner  air  velocity  was  higher  than  outer  air  velocity,  co¬ 
swirl  yielded  slightly  lower  values  of  LBO  than  the  counter¬ 
swirl  arrangement.  However,  LBO  values  remained  unchanged 
for  equal  inner  and  outer  velocities. 

3  An  optimum  hardware  and  flow  configuration  for  the  SSC 
was  found  for  inner  vane  angle  =  45®,  outer  vane  angle  =  60®, 
co-swirl  direction,  and  inner  air  velocity  =  outer  air  velocity  = 
16  m/s.  This  configuration  yielded:  (z)  low  LBO  values, 
(ii)  short  flame  length,  (z7z)  uniformly  mixed  stable  flame,  and 
(zv)  little  or  no  variation  in  these  characteristics  over  the  SSC 
range  of  operation. 
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4  Photographs  indicated  and  LDA  velocity  measurements 
confirmed  that  the  co-swirl  flame  has  a  dimple-shape,  produces 
a  slightly  shorter  flame  stabilized  by  the  inner  recirculation 
zone,  a  lower  value  of  LBO,  and  less  variability  of  the  combus¬ 
tion  characteristics  with  changes  in  hardware  and  flow  condi¬ 
tions.  In  contrast,  the  counter-swirl  flame  has  a  bulb-shape 
which  fully  confined  the  bluish,  partially  premixed  combustion 
process  to  the  center  of  the  combustor  dome,  requires  a  slightly 
higher  value  of  LBO,  and  needs  a  longer  combustor  dome  length 
to  confine  it.  These  important  differences  between  the  two  swirl¬ 
ing  arrangements  can  influence  the  off-design  performance  of 
the  combustor. 

5  Finally,  no  noticeable  change  was  observed  in  the  flame 
size  and  shape  over  a  range  of  test  conditions  when  the  combus¬ 
tor  was  operated  with  the  optimum  configuration.  This  knowl¬ 
edge  should  be  of  value  to  the  combustor  designer. 
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A  propane-fueled  research  combustor  has  been  designed  to  represent  the  essential 
features  of  primary  zones  of  combustors  for  aircraft  gas  turbine  engines  in  an  investi¬ 
gation  of  lean  blowouts.  The  atmospheric  pressure  test  facility  being  used  for  the 
investigation  made  it  difficult  to  approach  the  maximum  heat  release  condition  of 
the  research  combustor  directly.  High  combustor  loadings  were  achieved  through 
simulating  the  effects  on  chemical  reaction  rates  of  subatmospheric  pressures  by 
means  of  a  nitrogen  diluent  technique.  A  calibration  procedure  is  described,  and 
correlated  experimental  lean  blowout  results  are  compared  with  well-stirred  reactor 
calculations  for  the  research  combustor  to  confirm  the  efficacy  of  the  calibration. 


Introduction 

A  propane-fueled  research  combustor.  Fig.  I,  has  been  de¬ 
signed  (Sturgess  et  al.,  1992)  and  developed  (Heneghan  et  al., 
1990)  to  investigate  lean  blowouts  in  simulated  primary  zones 
of  the  combustors  for  aircraft  gas  turbine  engines.  The  funda¬ 
mental  flow  features  of  a  gas  turbine  combustor  primary  zone, 
within  which  the  flame  is  held,  are  generated  by  the  geometri¬ 
cally  simple  design  of  the  research  combustor. 

The  research  combustor  consists  of  co-axial  jets  with  a  29.7 
mm  ID  central  fuel  Jet  surrounded  by  a  40  mm  diameter  annular 
air  Jet.  The  fuel  is  gaseous  propane.  The  Jets  are  located  centrally 
in  a  150  mm  nominal  diameter  duct.  A  backward-facing  step  at 
the  Jet  discharge  plane  completes  the  sudden  expansion,  giving  a 
step  height  of  55  mm.  The  step  provides  a  recirculation  region 
that  can  stabilize  the  flame.  The  combustor  test  section  incorpo¬ 
rates  flat  quartz  windows  to  provide  optical  access.  Curved 
metal  fillets,  located  in  the  comers  of  the  lest  .section,  reduce 
and  distribute  the  vorticity  generation  due  to  wall  secondary 
flows,  and  so  eliminate  their  impact  on  the  bulk  fiowfield  in  the 
combustor.  An  orifice  plate  with  a  45  percent  blockage  ratio 
forms  the  exit  from  the  combustor. 

When  operated  in  a  fuel -rich  mode,  the  flame  in  the  combus¬ 
tor  is  very  stable  and  is  anchored  in  the  Jet  shear  layers  by  a 
pilot  flame  attached  to  the  step  near  the  outer  edge  of  the  air 
supply  tube.  Fuel  for  this  flame  is  recirculated  from  downstream 
by  the  step  recirculation  zone;  ignition  is  by  hot  gases  also 
recirculated.  As  the  bulk  equivalence  ratio  is  reduced,  the  flame 
becomes  less  stable,  and  eventually  reaches  a  point  where  the 
pilot  flame  becomes  detached  from  the  ba.se  region  (lifts),  and 
the  entire  flame  structure  becomes  stabilized  downstream.  Fig. 
2.  Thus,  there  are  two  distinct  operating  modes  for  the  combus¬ 
tor:  a  fully  anchored  flame,  and  a  lifted  flame. 

As  a  con.sequence  of  the  flame-lift,  a  significant  degree  of 
partial  premixing  of  the  reactants  takes  place  upstream  of  the 
lifted  flame  position.  When  the  equivalence  ratio  is  further  re¬ 
duced,  the  flame  becomes  progressively  less  stable  (Heneghan 
et  al.,  1990)  in  its  lifted  condition,  and  eventually  flows  out. 
This  lean  blowout  limit  at  atmospheric  pressure  has  been  found 
to  correspond  to  a  fuel  equivalence  ratio  (around  0.5)  that  is 
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very  close  to  the  lean  flammability  limit  of  propane  in  air  (Lewis 
and  von  Elbe,  1987).  Due  to  the  partial  premixing,  the  combus¬ 
tor  lean  blowout  performance  characteristic  has  been  observed 
to  be  consistent  with  that  of  well-stirred  reactor  data  (Sturgess 
et  al.,  1992). 

Lean  blowout  is  strongly  affected  by  chemical  reaction  rates. 
Application  of  chemical  reaction  rate  theory  to  well-stirred  reac¬ 
tors  has  resulted  in  the  formulation  of  the  gas  loading  parameter 
m/(VP"F),  where  n  is  the  effective  order  of  the  reaction,  F  is 
a  temperature  correction  factor,  V  is  the  reactor  volume,  m  is 
the  oxidant  mass  flow  rate,  and  P  the  operating  pressure,  against 
which  the  equivalence  ratio  at  blowout  is  frequently  plotted. 
The  concept  of  the  well-stirred  reactor  can  provide  a  simplified 
description  of  practical  combustors.  Bragg  (1953)  originated 
the  view  that  any  reasonably  efficient  practical  combustor 
should  consist  of  an  initially  well-stirred  reactor  section  for 
ignition  and  flame  holding,  followed  by  a  plug-flow  reactor 
section  for  burnout.  Since  the  research  combustor  was  designed 
specifically  to  reproduce  the  major  features  of  an  aircraft  gas 
turbine  combu.stor  primary  zone  (Sturgess  et  al.,  1992),  it  might 
be  expected  to  conform  to  well-stirred  reactor  behavior.  The 
lean  blowout  behavior  supports  this  expectation.  Therefore,  the 
loading  parameter  can  be  used  to  define  lean  blowout  perfor¬ 
mance. 

The  research  combustor  is  being  tested  in  a  facility  that  oper¬ 
ates  at  atmospheric  pressure  and  that  was  limited  to  maximum 
propane  flow  rates  of  about  20  kg/h.  Under  these  circumstances, 
sufficient  loading  to  approach  the  maximum  heat  release  condi¬ 
tion  of  the  research  combustor  cannot  be  achieved.  However, 
to  investigate  the  lean  blowout  phenomenon  thoroughly,  it  is 
desirable  to  probe  the  flow  fields  for  flames  that  are  anchored 
and  lifted  at  both  lightly  strained  and  heavily  strained  flame 
conditions.  Heavily  strained  flames  occur  at  high  loadings,  and 
in  practice,  result  from  combu.stor  operation  at  a  given  airflow 
with  low  air  inlet  temperatures  and  low  (subatmospheric)  pres¬ 
sures.  Reducing  air  inlet  temperatures  alone  to  achieve  high 
loadings  without  choking  the  combustor  requires  very  low  tem¬ 
peratures,  and  this  demands  drying  of  the  air  to  avoid  severe 
icing  problems.  Given  these  difficulties,  alternative  methods  of 
achieving  heavily  strained  flames  were  needed. 

The  quantities  involved  in  the  loading  parameter  are  those 
that  influence  the  speed  at  which  chemical  activity  converts 
reactants  to  products.  When  the  combustor  inlet  conditions  can¬ 
not  be  manipulated  to  achieve  a  desired  loading,  the  chemical 
reaction  can  be  influenced  by  some  other  means  to  yield  a 
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Fig.  1  Cross  section  of  research  combustor 


similar  rate  of  reacianis  conversion.  If  pressure  is  made  the 
variable  of  influence,  then  a  suitably  altered  chemical  reaction 
would  reflect  the  “simulated  pressure.” 

Low  pressures  can  be  simulated  by  the  introduction  of  an 
inert  diluent  that  slows  down  the  chemical  reaction  in  approxi¬ 
mately  the  same  way  that  low  pressures  do.  The  addition  of  the 
diluent  has  two  effects:  finst,  it  lowers  the  concentration  of 
reactants,  and  second,  it  lowers  the  reaction  temperature  by 
vinue  of  its  heat  capacity.  Thus,  tests  may  be  made  at  atmo¬ 
spheric  pressure  and  high  loading  still  achieved. 

Such  a  simulation  technique  for  achieving  high  loadings 
while  operating  at  room  temperature  and  atmospheric  pressure 
was  developed  for  the  research  combustor. 

Simulation  Technique 

A  number  of  techniques  for  simulating  low  combustion  pres¬ 
sures  are  available,  e.g.,  Lefebvre  and  Halls  (1959),  Lefebvre 


(1961),  and  Grecnhough  and  Lefebvre  (19.56),  using  water 
as  the  diluent.  However,  water  is  inconvenient  for  the  present 
purposes.  It  requires  preheating  of  the  inlet  air  to  ensure  com¬ 
plete  vaporization  of  the  droplets.  Gaseous  nitrogen  has  also 
been  u.sed  with  success  (Norster,  1968).  and  does  not  require 
preheating.  Although  a  direct  calibration  for  nitrogen  was  not 
available,  nitrogen  as  a  diluent  is  extremely  convenient  for  the 
present  purposes,  and  was  therefore  selected. 

Theoretical  Background 

Consider  the  combu.stion  of  the  general  hydrocarbon  C^Hy  in 
air,  and  let  the  equivalence  ratio  <p  be  such  that  there  is  an 
excess  of  air,  i.e.,  <l>  <  1.0.  Also,  let  the  combu.stion  efficiency 
be  such  that  B  is  the  fraction  of  fuel  that  is  actually  burned. 
The  unbumed  fuel  will  not  pass  through  the  combustor  un¬ 
changed,  but  will,  in  general,  appear  in  the  exhaust  as  carbon 
monoxide,  hydrogen,  and  lower  hydrocarbons.  In  modem  com¬ 
bustors  the  lower  hydrocarbons  are  always  small  in  quantity 
under  normal  circumstances;  further,  the  fast  reaction  rate  of 
hydrogen  suggests  that  it  too,  will  not  be  a  significant  product. 
Tlierefore,  a  simple  bimolecular  global  reaction  can  be  pro¬ 
posed, 

<^C,Hy  +  (x  +  y/4)0:  +  79/21  (;c  +  y/4)N: 

=  aCO  +  PCO2  +  y/2(^^H:0  +  79/21  (x  +  y/4)N: 

+  (I  -  <^B)(jr  +  y/4)0:  (1) 

where  all  of  the  hydrogen  in  the  fuel  is  burned  to  water  vapor, 
and  the  inefficiency  is  reflected  solely  in  the  CO/CO2  balance. 
This  is  reasonable  because  of  the  relatively  slow  conversion  of 
CO  to  CO2.  Nitrogen  is  assumed  inert.  The  molar  fractions  a 
and  P  are  found  from  C/0  balances. 

For  propane  this  reaction  becomes, 

4>CyH^  +  50:  +  )8.8095N2 

=  B)CO  +  <l>(\0B  -  7)00:  +  4<^H20 

+  I8.8O95N2  +  5(1  -  </>B)02  (2) 

Note  that  with  this  simple  reaction  mechanism  CO2  disappears 
from  the  products  for  a  fractional  conversion  less  than  or  equal 
to  0.7. 

Let  K  be  the  mass  ratio  of  diluent  nitrogen  to  fuel.  The 
reaction  expression  becomes 

(^C^Hs  +  50:  +  18.8095rN2 

=  I0<^>(1  “  B)CO  +  <#>(105  -  7)C02  +  4<#>H20 

+  I8.8O957N2  +  5(1  -  <#>5)0:  (3) 

so  that  the  additional  mass  of  N:  is  18.8095  X  28  (7  -  1 ). 


Nomenclature 


A  =  pre-exponential  rate  constant  ( may 
also  include  convenient  unit  con¬ 
version  factors) 

5  =  combustion  efficiency 
C  =  £/  li 

E  =  activation  energy 
F  =  temperature  correction  factor 
K  =  mass  ratio  of  excess  nitrogen  to 
fuel 

m  =  volumetric  fractional  concentration 
r?)  -  mass  flow  rate 
m'"  =  volumetric  rate  of  oxidant  mass 
consumption 


n  =  effective  order  of  global  chemical 
reaction 
P  =  pressure 

R  =  global  reaction  rate  expression 
li  =  universal  gas  constant 
T  =  reaction  temperature 
V  =  volume  associated  with  combustion 
a  =  molar  fraction  of  CO  in  products  of 
reaction 

P  =  molar  fraction  of  CO:  in  products  of 
reaction 

7  =  defined  by  Eq.  (4) 


<#>  =  fuel /air  equivalence  ratio 

Subscripts 
air  =  air 

/  =  carbon  monoxide  in  products  of 
reaction,  fuel 
LBO  =  lean  blowout 

N:  =  excess  nitrogen  as  diluent 
o  =  oxygen  in  products  of  reaction 
Tot  =  inlet  sum  of  air.  propane,  and 
excess  nitrogen 
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Rg.  2  Photographs  of  anchored  and  lifted  flame  operation 


Hence, 

y  =  (^^r/ 11.9697  4-1)  (4) 

Equations  (3 )  and  (4)  together  provide  the  volumetric  frac¬ 
tional  concentrations  of  oxidant  and  fuel  present  in  the  exhaust, 
i.e., 

I0<A(!  -  B) 

= - - -  ^5) 

where 


rate  a  pre-exponential  rate  constant  as  well  as  vanous  unit  con¬ 
version  factors  and  other  constant  terms  as  may  be  convenient. 
T  is  the  reaction  temperature,  and  the  universal  gas  constant. 

Rearranging  Eq.  (7)  into  a  form  incorporating  the  loading 
parameter  yields. 

_  Am, /rtf  _ i _ 

VP-  4>B  r'-cxp(Enr) 

Combining  Eqs.  (5),  (6).  and  (8)  gives. 


O  ^  ma  -  B)  ^  -  7) 


and 


4-  4<^  4-  I8.8095y  -i-  5(1  -  SB) 


m,,  = 


5(1  -  SB) 
G 


(6) 


From  the  kinetic  theory  of  gases  a  reaction  rate  expression 
in  Arrhenius  form  can  be  derived  for  bimoiecufar.  sinsle-step 
reactions.  Longwell  et  al.  ( 1953)  have  propo.scd  that  for  lean 
mixtures  thi.s  takes  the  form. 


_  A(l  -  B) 
VP-  B 


X  - - - i - r - - -  (9) 

iSilA  -  B)  ^  79/21  y  -f  i )*  7"'^=  exp(£/ 4T) 

Equation  { 9 )  represents  the  appropriate  global  kinetic  expres¬ 
sion  for  the  reaction  rate  of  propane  in  air  with  additional  nitro¬ 
gen.  With  K  equal  to  zero,  it  also  represents  a  similar  expre.ssion 
for  propane  in  pure  air. 

A  reaction  rate  simulation  can  be  obtained  if 


SBfir  =  exp(  -  FJ  irf)  (1) 

where  m'^  is  the  volumetric  rate  of  oxidant  mas.s  consumption. 

Although  Longwell  and  <nhers  have  proposed  fractional  indi¬ 
ces  in  Eq.  { 7 )  to  accord  with  the  re.sulis  of  various  experiments, 
for  the  present  pu?p<>ses  a  pure  scct>nd-ordcr  reaction  in  pressure 
and  first  order  in  conccncrations  is  taken.  In  Eq.  (7).  £  is  a 
reaction  rate  constant  (activation  energy),  and  A  can  incorpo- 
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where  R  is  the  appropriate  reaction  rate  expression  from  the 
right-hand  side  of  Eq.  (9),  i.e.,  with  K  >  0  and  P  “  I  atm  for 
simulation  and  K  ^  i)  and  F  <  1.0  atm  for  desired  reaction 
rate.  If  it  is  taken  that  the  presence  of  the  diluent  has  no  effect 
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Rg.  3  Variation  of  reaction  rate  expression  (Eq.  (11 ))  with  pressure 


on  the  rate  constants^  the  identity  represented  by  Eq.  (10)  can 
be  written, 


1 

'^1 

(P^\ 

\  A  J 

\  ^  /  simulation 

\  A  ), 

Thus,  A  does  not  have  to  be  described  explicitly.  A  typical 
value  for  £  is  26,613  g*cal/g-inole,  for  near-stoichiometric 
mixtures  (Clarke  ei  al.,  1960). 

Figures  3  and  4  may  be  used  to  compare  the  left-  and  right- 
hand  sides  of  the  identity  for  an  equivalence  ratio  of  0.9  and 
inlet  temperature  of  300  K.  Figure  3  shows  the  effect  of  pressure 
on  propane/air  combustion,  while  Fig.  4  shows  the  effect  of 
nitrogen  addition  on  the  combustion  at  one  atmosphere  pressure. 
The  similarities  of  the  two  curves  are  obvious. 


Fig.  4  Variation  of  reaction  rate  expression  (Eq.  (11 ))  with  diluent  addi¬ 
tion 


Nitrogen/Fue!  Moss  Rolro 

Fig.  5  Dependency  of  simulated  pressure  on  diluent  addition  for  a  global 
reaction  rate  based  on  indices  for  ^  =  1.0  (Eq.  (7)) 


Need  for  Calibration 

The  simplified  reaction  mechanism  and  rate  expression  used 
to  derive  the  simulation  are  only  a  convenient  representation  of 
reality.  A  given  rate  expression  cannot  be  expected  to  represent 
all  the  actual  reactions  taking  place  adequately  so  that  the  ex¬ 
pression  is  appropriate  over  wide  ranges  of  operating  conditions. 
Therefore,  if  the  simulation  technique  is  to  be  used  for  other 
than  merely  comparative  purposes,  some  form  of  calibration  is 
required. 

Various  global  Arrhenius  rate  expressions  have  been  pub¬ 
lished  in  the  literature  to  represent  propane/air  combustion  at 
different  conditions,  e.g.,  Greenhough  and  Lefebvre  (1956), 
Clarke  et  al.  (1960),  and  Herbert  (1960),  One  that  is  more 
appropriate  for  low  equivalence  ratios  (around  0.5)  is  given  by 

m'"  =  exp(-56,600/  AT)  (12) 

This  has  the  form  of  Eq.  (7),  but  different  fractional  indices 
and  rate  constants.  When  the  simulation  is  based  on  Eq.  (12) 
rather  than  Eq.  (7),  considerable  differences  result. 

As  is  to  be  described,  comparison  of  curves  like  Figs.  3  and 
4  can  be  used  to  obtain  the  relationships  between  nitrogen  to 
fuel  mass  ratio  and  the  equivalent  reaction  pressure.  This  has 
been  done  in  Figs.  5  and  6  for  an  equivalence  ratio  of  0.9  and 
a  mixture  initial  temperature  of  300  K,  using  simulations  based 
on  Eqs.  (7)  and  (12),  respectively.  For  given  combu.slion  effi¬ 
ciency  and  nitrogen /fuel  mass  ratio,  the  differences  in  equiva¬ 
lent  pressure  from  the  two  curves  are  marked.  This  illustrates 
vividly  the  need  for  calibration  of  the  technique. 

Calibration 

An  ideal  calibration  would  be  based  on  a  comparison  of  the 
simulated  pressure  technique  again.st  true  low-pressure  tests  in 
the  same  reactor.  Unfortunately,  such  a  direct  approach  was  not 
immediately  available  for  the  research  combustor.  Therefore, 
an  indirect  approach  is  used.  This  maintains  the  bimolecular 
reaction  mechanism  Eq.  (3),  unchanged,  but  calibrates  the  Arr¬ 
henius  reaction  rate  expression  that  goes  with  it. 

Fortunately,  a  calibration  of  the  Arrhenius  rate  expression  for 
propane /air/excess  nitrogen  systems  has  already  been  carried 
out  by  Kretschmer  and  Odgers  ( 1972),  and  their  work  has  been 
utilized  here. 


/  Vol.  118,  OCTOBER  1996 


148 


Transactions  of  the  ASME 


Rg.  6  Dependency  of  simulated  pressure  on  diluent  addition  for  a  global 
reaction  rate  based  on  indices  for  =  0.5  (Eq.  (12)) 


Kretschmer  and  Odgers  used  for  their  calibration  experimen¬ 
tal  results  from  spherical  stirred  reactors  and  gas  turbine  com¬ 
bustors,  burning  fuels  from  propane  to  aviation  kerosene  over 
a  wide  range  of  operating  conditions  including  pressures  from 
O.l  to  5.4  atm  and  inlet  temperatures  from  200  K  to  900  K; 
equivalence  ratios  equal  to  and  less  than  unity  were  included. 
Analysis  of  these  data  resulted  in  a  rate  expression  giving  the 
calibrated  form  for  Eq.  (8)  as 

tfi^,  _  A{m,/nf)* _ I _ 

vp-4>  <f>B  r^-‘”exp(C/r)  ^  ^ 

where  C  is  Ef  /?.  For  an  equivalence  ratio  of  unity,  Eq.  ( 13)  is 
identical  to  Eq.  (8);  while  for  an  equivalence  ratio  of  one-half, 
it  is  identical  with  the  form  of  Eq.  (12).  Now,  however,  the 
exponential  rate  constant  contained  in  C  is  a  complex  function 
of  equivalence  ratio  and  reactant  inlet  temperature.  This  varia¬ 
tion  arises  because  of  the  empirical  character  given  to  the  rate 
equation. 

Figure  7  gives  the  dependency  on<f>of  B  at  blowout  for  300 
K  inlet  temperature  as  produced  by  Kretschmer  and  Odgers. 
This  dependency  is  compared  with  earlier  recommendations 
also  given  by  Kretschmer  and  Odgers  ( 1972). 

Unfortunately,  Kretschmer  and  Odgers  assumed  a  reaction 
mechanism  that  was  different  from  that  given  in  Eq.  (2).  Hence, 
their  expression  for  m/ was  different  from  that  given  in  Eq.  (5). 
Therefore,  it  was  necessary  to  derive  a  variation  of  C,  con¬ 
taining  the  exponential  rate  constant,  with  <!>  that  was  appro¬ 
priate  to  the  present  reaction  mechanism. 

The  derivation  of  an  appropriate  C  was  done  through  Eq. 
( 13 )  so  that, 

^  “  T  [In  (/ny_fl^//ny,Kfets«hmcr)  C’/7')Kreischmer]  (14) 

A  comparison  between  the  variations  of  two  C’s  with  equiva¬ 
lence  ratio  for  an  inlet  temperature  of  300  K  is  shown  in  Fig. 
8.  Although  the  differences  are  small,  it  should  be  remembered 
that  C  is  eventually  to  be  used  in  an  exponential  relationship. 
The  variation  of  C  for  the  present  reaction  mechanism  is  conve¬ 
niently  represented  by  the  polynomial 

C  =.14,926.5  +  73,774.70  -  109,8260-  +  35,933.30'  (15) 

which  has  a  correlation  coefficient  of  0.99998  and  a  maximum 
error  of  -54.3^r  in  the  range  0.4  <  0  <  =  |  .0. 
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Rg.  7  Variation  of  combustion  efficiency  at  blowout  with  equivalence 
ratio,  from  several  sources 


Equations  (13)  and  (15)  establish  the  form  of  the  global 
reaction  rate,  and  relate  it  to  the  selected  reaction  mechanism. 

The  calibration  of  simulated  pressure  may  now  be  constructed 
for  a  range  of  equivalence  ratios.  The  appropriate  reaction  rate 
expressions,  one  with  variation  in  pressure  and  the  other  with 
variation  in  diluent  mass  flow  rate,  can  be  compared  as  functions 
of  pressure  and  nitrogen/ fuel  mass  ratio,  respectively.  The  inter¬ 
section  of  these  expressions  represents  a  common  value  of  reac¬ 
tion  rate  expression  indicating  equivalency  of  pressure  and  ni¬ 
trogen/fuel  mass  ratio.  This  enables  the  relationship  between 
diluent  mass  flow  rate  and  simulated  pressure  to  be  established. 
Figure  9  gives  an  example  of  this  technique  for  a  0  of  0.8;  Fig. 
10  shows  the  resulting  calibration  curves  for  an  inlet  tempera¬ 
ture  of  300  K. 

Figure  10  can  be  considered  valid  for  well-stirred  and  par¬ 
tially  stirred  reactors.  Although  the  empirical  adjustment  of  the 


Rg.  8  Comparison  of  dependencies  of  activation  energy  on  equivalence 
ratio  for  Kretschmer  and  Odgers  reaction  mechanism  and  present  reac¬ 
tion  mechanism 
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Fig.  9  Relationship  between  low  pressure  and  simulated  reaction  rates 
for  ^  =  0.8 


global  Arrhenius  reaction  rate  expression  may  be  considered  as 
being  valid  for  a  wide  variety  of  hydrocarbons  burning  in  air, 
the  simulation  calibration  is  for  propane  only.  Further,  it  is 
limited  to  fuel-lean  mixtures,  as  the  figure  indicates.  The  calibra¬ 
tion  shown  is  for  300  K  inlet  temperatures;  Swithenbank  (1974) 
contains  sufficient  information  to  construct  curves  for  inlet  tem¬ 
peratures  from  200  K  to  900  K. 

Experimental  Results 

After  the  ignition  sequence  was  completed  and  the  desired 
airflow  established  with  the  anchored  flame  condition  (Sturgess 
et  al.,  1992),  gaseous  nitrogen  was  introduced  into  the  air  sup¬ 
ply  line  to  the  research  combustor.  This  was  done  far  upstream 
so  that  the  excess  nitrogen  was  uniformly  mixed  with  the  air 
entering  via  the  annular  air  jet  surrounding  the  fuel  jet.  The 
nitrogen  flow  rate  was  set  at  a  desired  level,  and  a  blowout 
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Nitrogen/Fuel  Moss  Rotio 
Fig.  10  Nitrogen-simulation  calibration  curve  at  30  K 


o 


Fig.  11  Relationship  between  fuel  flow  at  blowout  and  nitrogen  flow  at 
several  airflows  in  the  research  combustor 


sequence  obtained  by  reducing  the  fuel  flow  rate  until  the  flame 
was  extinguished.  Ignition  was  re-established,  the  airflow  reset 
at  the  previous  value  in  conjunction  with  the  fuel  flow,  a  new 
nitrogen  flow  rate  was  selected,  and  blowout  was  again  ob¬ 
tained. 

This  procedure  was  repeated  until  a  maximum  nitrogen  flow 
condition  was  reached.  The  combustor  has  been  operated  with 
nitrogen  mass  flow  rates  up  to  55  percent  of  the  air  mass  flow 
rate.  No  difficulties  were  encountered  at  this  extreme  condition. 
Repeatability  and  hysteresis  were  checked  through  obtaining 
blowouts  by  turning  down  the  nitrogen  flow  rate  range,  and 
also  by  holding  nitrogen  and  fuel  flow  rates  con.stant  while  the 
airflow  rate  was  increased.  In  addition,  test  points  were  repealed 
on  different  days  with  a  different  observer. 

Examples  of  the  basic  results  are  displayed  in  Fig.  II,  and 
show  at  a  given  airflow  that  increasing  the  nitrogen  flow  rate 
linearly  increases  the  fuel  flow  rate  at  which  a  blowout  lakes 
place.  In  the  figure,  the  multiple  tests  points  shown  at  a  given 
nitrogen  flow  rate  for  the  0.653  Ibm/sec  (0.075  kg/s)  airflow 
represent  the  day-to-day  repeatability  of  the  blowout.  Increasing 
the  combustor  airflow  increases  the  fuel  flow  at  which  blowout 
occurs,  but  does  not  change  its  dependency  on  the  nitrogen  flow 
rate. 

Figure  12  gives  an  indication  of  the  range  of  equivalent  pres¬ 
sures  represented  by  the  nitrogen  simulation,  for  various  air¬ 
flows.  It  ranges  from  just  less  than  one  atmosphere  down  to 
one-tenth  of  an  atmosphere  for  these  tests.  The  equivalent  pres¬ 
sures  were  obtained  from  Fig.  10  for  the  blowout  conditions 
given  in  Fig.  1 1 .  When  the  equivalent  pressures  are  displayed 
against  the  mass  ratio  of  nitrogen  to  fuel  at  blowout  in  this 
form,  the  data  for  the  different  airflows  collapse  onto  a  single 
curve  representing  the  blowout  characteristic  for  the  research 
combustor.  Note  that  for  nitrogen  to  fuel  mass  ratios  greater 
than  about  5,  there  is  a  loss  of  effectiveness  of  the  technique. 

When  excess  nitrogen  is  introduced  into  the  air  supply,  the 
visual  appearance  of  the  flame  and  its  behavior  does  not  change 
from  that  observed  for  zero  excess  nitrogen  (Sturge.ss  et  al., 
1992;  Heneghan  et  al.,  1990).  Figure  13  gives  a  description  of 
the  flame  behavior  at  constant  airflow  as  the  nitrogen  flow  rate 
is  increased.  Visually,  there  is  no  change  in  the  equivalence 
ratio  at  which  flame  lift  takes  place.  The  equivalence  ratio  for 
lean  blowout  does  increase,  in  accord  with  the  behavior  of  Fig. 

1 1 .  Blowout  with  excess  nitrogen  follows  the  same  sequence 
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Nitrogen/Fuel  Mass  Ratio 


Fig.  12  Relationship  between  equivalent  pressure  and  nitrogen  to  fuel 
mass  ratio  at  blowout  in  the  research  combustor 


of  events  as  was  observed  for  zero  excess  nitrogen  (Sturgess 
et  al.,  1992;  Heneghan  et  al.,  1990). 

Correlation  of  Experimental  Data 

As  described  above»  the  equivalence  ratio  at  blowout,  (^lbo* 
of  a  well-stirred  reactor  can  be  related  to  the  gas  loading  param¬ 
eter,  m/VP^F,  for  the  combustor.  Here,  the  mass  flow  rate  is 
interpreted  as  mxoM  which  is  the  sum  of  the  air,  excess  nitrogen, 
and  fuel  mass  flow  rates.  The  fuel  is  included  in  this  sum  since 
its  volume  is  not  insignificant;  the  nitrogen  flow  rate  is  generally 
several  limes  that  of  the  fuel.  Thus,  the  residence  time  in  the 
reactor  is  materially  affected  by  these  flows. 

For  the  present  experiments  the  temperatures  of  the  reactants 
were  not  varied,  and  the  values  for  air,  excess  nitrogen  and 


Airflow  fixed  at  1300  Ipm 


Nitrogen/Fuel  Mass  Ratio 


Fig.  13  Rame  behavior  in  the  research  combustor  at  fixed  airflow  as 
nitrogen  to  fuel  mass  ratio  is  varied 
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Loading  Parameter 
/(VP*)  Lbm/sec./(ft^  atm*  ) 


Rg.  14  Correlated  blowout  data  for  the  research  combustor,  and  com¬ 
parison  with  the  calculated  well-stirred  reactor  blowout  characteristic 
for  the  research  combustor 


propane  were  sensibly  equal.  Therefore,  the  temperature  correc¬ 
tion  factor  F,  is  taken  as  unity  as  a  matter  of  convenience. 

The  pressure  is  interpreted  as  the  effective  pressure,  and  de¬ 
pends  on  the  quantity  of  excess  nitrogen  flowing,  as  given  by 
Fig.  12. 

The  (constant)  volume  is  taken  as  the  total  combustor  volume 
minus  the  volume  of  the  combustor  associated  with  flame  lift. 

The  apparent  order  of  the  reaction,  n,  is  taken  as  equal  to  <t> 
for  lean  mixtures.  However,  this  is  for  propane/air  systems. 
When  a  diluent  is  present,  the  order  is  reduced.  The  expression, 

„  = - -  (16) 

( 1  +  rhsz^rn^r) 

is  used  to  account  for  this.  When  no  excess  nitrogen  is  present, 
Eq.  ( 16)  reverts  to  the  pure  air  form. 

In  Fig.  14  the  data  in  terms  of  and  m-xoxfV  F"  are  plotted 
in  logarithmic  form.  The  measured  data  define  most  of  the  lean 
portion  of  the  stability  loop  for  the  research  combustor.  The 
data  cover  points  at  atmospheric  pressure  with  zero  excess  nitro¬ 
gen,  as  well  as  those  at  atmospheric  pressure  with  excess  nitro¬ 
gen;  a  variety  of  airflows  were  used. 

The  figure  shows  that  the  loading  parameter  correlates  the 
blowout  equivalence  ratios  very  well.  This  can  be  appreciated 
when  considering  the  repeatability  shown  in  Fig.  1 1 .  The  blow¬ 
out  data  extend  over  three  orders  of  magnitude  of  loading  pa¬ 
rameter,  and  range  from  a  blowout  equivalence  ratio  of  around 
0.5  to  around  0.8. 

Verification  of  Calibration 

Use  of  the  simulation  calibration  curves  for  effective  pressure 
(Fig.  12)  resulted  in  a  very  satisfactory  correlation  of  experi¬ 
mental  lean  blowout  data  obtained  at  constant  true  pressure  for 
wide  ranges  of  air  and  excess  nitrogen  flows.  Fortunately,  since 
the  research  combustor  with  zero  excess  nitrogen  appeared  to 
behave  like  a  well-stirred  reactor  (Sturgess  et  al.,  1992;  Hen¬ 
eghan  et  al.,  1990),  an  independent  check  of  the  calibration  can 
be  made  through  the  use  of  well-stirred  reactor  theory. 

Swithenbank  ( 1974)  presented  a  dissipation  gradient  ap¬ 
proach  for  defining  perfectly  stirred  regions  of  combustors.  This 
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approach  was  applied  lo  ihc  research  combustor,  using  a  compu- 
lational  fluid  dynamics  (CFD)  calculation  lo  provide  the  turbu¬ 
lence  characteristics. 

Based  on  the  dissipation  gradient  analysis,  the  rapid-stirring 
region  of  the  research  combustor  was  identified  as  the  volume 
enclosing  the  highly  turbulent  portion  of  the  flow.  It  was  found 
that  the  surface  contour  enclosing  96  percent  of  the  turbulence 
kinetic  energy  and  99  percent  of  its  rate  of  dissipation  corre¬ 
sponded  to  a  surface  over  which  the  total  dissipation  gradient 
had  a  value  of  10.0,  which  is  100  limes  the  value  recommended 
by  Swithenbank.  This  well-stirred  region  extended  over  mo.si 
of  the  length  of  the  combustor,  with  exceptions  of  ponions  of 
the  step  recirculation  zone  and  the  .stagnation  region  on  the 
upstream  face  of  the  orifice  plate  placed  at  the  combustor  exit.. 

While  the  turbulence  characteristics  of  a  flow  can  be  u.sed  to 
define  a  region  of  rapid  mixing,  this  alone  is  not  a  sufficient 
condition  for  a  well-stirred  reactor.  For  .stable  reaction  to  lake 
place  within  the  rapid  mixing  region,  the  fuel  and  air  mixture 
must  locally  fall  inside  the  flammability  limits,  a  source  of 
continuous  ignition  (mixture  at  exit  temperature)  mu.st  be  pres¬ 
ent,  and  local  flow  velocities  must  not  exceed  the  local  turbulent 
burning  velocity. 

CFD  analysis  was  again  used  lo  provide  necessary  informa¬ 
tion  to  determine  places  within  the  defined  rapid  mixing  region 
where  stable  combustion  could  take  place  for  conditions  cIo.se 
to  blowout.  On  the  basis  of  these  calculations  and  the  observa¬ 
tions  of  the  lifted  flame  position,  which  was  found  to  remain 
roughly  constant  as  equivalence  ratio  was  reduced,  a  suitable 
well-stirred  reactor  volume  was  defined.  This  was  44  percent 
of  the  total  combustor  volume,  and  corre.sponded  to  a  lifted 
flame  mean  position  of  about  40  cm  (16  in.)  from  the  central 
portion  of  the  step,  assuming  that  the  flame  completely  filled 
the  cross  section.  Visual  observations  of  the  flame  indicated 
that  on  the  centerline  of  the  combustor  the  closest  position 
to  the  step-plane  of  the  lifted  flame  was  about  16  cm  (6  in.) 
downstream.  Of  course,  the  real  flame  never  completely  filled 
the  cross  section. 

With  a  well-stirred  reactor  defined,  the  stirred  reactor  network 
code  MARK2I  by  David  Pratt  and  Brian  Pratt  was  u.sed  to  make 
calculations  for  the  research  combustor.  The  MARK21  code 
uses  the  CREK  chemical  kinetics  code  (Pratt  and  Wormeck, 
1976)  and  a  hydrocarbon  reaction  mechanism  by  Roberts  ei  al. 

( 1972).  The  research  combustor  near  blowout  was  modeled  in 
MARK2I  as  a  single,  perfectly  .stirred  reactor  with  separate  air 
and  fuel  inlets,  and  a  single  discharge  of  products;  there  was 
no  recirculation  of  products.  It  was  operated  with  gaseous  pro¬ 
pane  as  fuel  and  air  as  oxidant,  with  equal  inlet  temperature  of 
293  K.  The  volume  was  that  defined  above,  although  two  other 
volumes  were  used  for  spot  checks  to  see  the  .sensitivity  to 
volume.  This  was  done  because  of  the  uncertainly  associated 
with  the  flame  position.  (The  results  for  the  range  of  volumes 
were  subsequently  correlated  successfully  by  the  loading  param¬ 
eter,  via  the  volume  term  incorporated  in  it.)  The  model  was 
operated  at  a  number  of  air  mass  flow  rates,  with  several  pres¬ 
sure  levels  of  atmo.spheric  and  less,  for  each  airflow.  No  cases 
with  excess  nitrogen  were  run. 

Shown  on  the  stability  plot  of  Fig.  14  is  a  line  representing 
the  blowout  characteristic  calculated  by  the  u^ell-stirred  reactor 
code.  The  line  runs  through  the  correlated  experimental  blowout 
data  very  nicely,  thereby  confirming  that  the  research  combustor 
is  behaving  as  a  well -stirred  reactor.  Furthermore,  since  the 
loading  variation  in  the  well-stirred  reactor  calculations  was 
achieved  through  variations  in  ma.ss  flow  rate  and  true  operating 
pressure  while  the  experimental  data  were  correlated  on  the 
basis  of  mass  flow  rate  and  equivalent  pressure,  the  agreement 
verifies  the  calibration  (Fig.  12)  of  the  nitrogen  dilution  tech¬ 
nique. 

Discussion 

A  technique  has  been  presented  whereby  the  lean  reaction 
of  gaseous  propane  in  air  al  subalmospheric  pressures  can  he 


.simulated  by  approximating  the  subalmospheric  pre.ssurc  reac¬ 
tion  rate  with  a  reaction  rate  at  atmo.spheric  pressure  in  the 
presence  of  excess  gaseous  nitrogen  as  a  diluent. 

The  technique  has  been  calibrated  through  the  assumption  of 
a  one-step  global  reaction  mechanism  for  propane /air/cxcess 
nitrogen  sy.siems  in  which  nitrogen  remains  inert,  and  where 
combustion  inefficiency  is  accounted  for  .solely  through  the  CO/ 
CO:  balance  in  the  products.  A  global  reaction  rate  expression 
in  Arrhenius  form  for  a  bimolecular,  single-step  reaction  was 
calibrated  using  experimental  data  from  the  literature.  Finally, 
the  relationship  between  excess  nitrogen  and  the  equivalent 
pressure  was  established  by  comparing  appropriate  reaction  rate 
expre.ssions  with  separate  variation  in  pressure  and  diluent  mass 
flow  rate.  This  relaiion.ship  forms  a  calibration  for  the  simulation 
technique  at  blowout  conditions.  The  calibration  is  valid  for 
well-.siirred  and  partially  .stirred  reactors  using  propane  as  a 
fuel  in  a  lean  mixture  with  air.  The  .specific  calibration  curve 
pre.senied  is  for  3()0  K  inlet  temperature  of  reactants,  although 
similar  curves  for  other  temperatures  are  readily  constructed. 

Lean  blowout  data  in  a  research  combustor,  obtained  u.sing 
the  simulation  technique,  were  succes.sfully  correlated  using  the 
conventional  loading  parameter  in  which  the  pressure  term  was 
taken  as  the  equivalent  pressure  obtained  from  the  calibration. 
The  range  of  equivalence  ratios  covered  by  the  variation  in 
loading  parameter  was  from  near  the  flammability  limit  lo  near 
the  maximum  heat  relea.se  rale;  the  range  of  loading  parameter 
obtained  extended  over  three  orders  of  magnitude.  These  were 
achieved  at  atmospheric  pre.ssure  and  with  a  limited  range  of 
mass  flow  rales.  The  lean  .stability  of  the  research  combustor 
was  completely  defined  by  these  data. 

The  combustor  was  operated  without  difficulty  with  an  excess 
nitrogen  mass  flow  rate  up  to  60  percent  of  the  air  mass  flow 
rate.  At  this  condition  the  equivalent  pressure  corre.sponded 
to  0.1  aimo.sphere.  However,  it  is  not  recommended  that  the 
maximum  excess  nitrogen  flow  rate  be  greater  than  about  45 
percent  of  the  air  mass  flow  rate.  This  is  because  of  inaccuracies 
in  the  calibration  curve  (lower  right-hand  comer  of  Fig.  10), 
at  op)erating  conditions  with  very  high  levels  of  excess  nitrogen. 

The  effective  order  of  the  reaction  when  excess  nitrogen  is 
used  becomes  a  function  of  the  mass  ratio  of  excess  nitrogen 
to  air,  as  well  as  equivalence  ratio  at  blowout.  There  was  no 
visual  evidence  that  the  excess  nitrogen  changed  the  flame  char- 
acieri.siics  in  any  way  from  that  observed  without  excess  nitro¬ 
gen. 

A  final  check  on  the  accuracy  of  the  calibration  was  made 
by  comparing  the  correlated  experimental  results  using  the  sim¬ 
ulation  against  well-stirred  reactor  calculations  based  on  pro¬ 
pane/air  systems  for  true  subalmospheric  pressures.  This  com¬ 
parison  was  justified  .since  it  was  known  from  the  initial  test 
re.sults  (Sturgess  el  al.,  1992;  Heneghan  et  al..  1990)  that  the 
research  combustor  had  well-stiired  reactor  lean  blowout  perfor¬ 
mance  when  operated  at  atmospheric  pressure  without  any  ex- 
ce.ss  nitrogen.  The  subsequent  agreement  in  the  stirred  reactor 
calculation  comparison  confirmed  the  accuracy  of  the  calibra¬ 
tion. 

TTie  demonstration  of  the  succe.ssful  calibration  for  the  nitro¬ 
gen  dilution  simulation  of  low  operating  pre.ssures  opens  an 
important  po.s.sibility  for  small-scale  facility  combustion  experi¬ 
ments.  TTieir  operating  range  may  be  extended  for  certain  lo\\‘ 
pressure  effects  in  an  easy,  inexpensive,  and  safe  fa.shion  while 
the  convenience  of  operating  at  atmo.spheric  pressure  is  main¬ 
tained. 

Experimental  lean  blowout  data  have  been  obtained  in  the 
research  combustor  over  a  wide  range  of  equivalence  ratios. 
These  data  will  provide  a  good  data  base  for  lean  blowout 
modeling.  The  fact  that  the  research  combustor  has  been  defini¬ 
tively  shown  to  behave  as  a  well-stirred  reactor  when  operated 
in  the  lifted  flame  condition  is  an  important  help  in  understand¬ 
ing.  and  hence  modeling,  the  lean  blowout  proee.ss. 
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Conclusions 

1  The  nitrogen  dilution  technique  for  simulating  the  effects 
on  chemical  reaction  rates  of  low  pressures  has  been  suc¬ 
cessfully  calibrated.  The  calibration  removes  the  simula¬ 
tion  from  being  a  qualitative  technique,  to  being  a  quanti¬ 
tative  one.  It  permits  certain  low-pressure  combustion 
effects  to  be  examined  while  maintaining  the  convenience 
of  operating  at  atmospheric  pressure. 

2  The  lean  blowout  data  obtained  in  a  research  combu.stor 
via  the  low-pressure  simulation  technique  were  correlated 
by  the  familiar  loading  parameter  when  the  effective  pres¬ 
sure  was  used  for  actual  pressure  and  the  reaction  order 
was  made  a  function  of  the  excess  nitrogen. 

3  Nitrogen  dilution  enables  the  loading  parameter  for  the 
research  combustor  to  be  extended  over  three  orders  of 
magnitude,  and  the  blowout  equivalence  ratio  to  be  in¬ 
creased  from  near  the  flammability  limit  to  close  to  the 
maximum  heat  release  condition.  This  enables  the  lean 
stability  of  the  combustor  to  be  adequately  defined. 

4  The  research  combustor  at  blowout  conditions  behaves 
like  a  classical  well-stirred  reactor. 
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Experimental  information  is  presented  on  the  effects  of  back-pressure  on  flame¬ 
holding  in  a  gaseous  fuel  research  combustor.  Data  for  wall  temperatures  and  static 
pressures  are  used  to  infer  behavior  of  the  major  recirculation  zones,  as  a  supplement 
to  some  velocity  and  temperature  profile  measurements  using  tDV  and  CARS 
systems.  Observations  of  fame  behavior  are  also  included.  Lean  blowout  is  improved 
by  exit  blockage,  with  strongest  sensitivity  at  high  combustor  loadings,  Itisconcluded 
that  exit  blockage  exerts  its  influence  through  effects  on  the  jet  and  recirculation 
zone  shear  layers. 
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Introduction 

Combustion  stability  is  extremely  important  in  gas  turbine 
engines  for  aircraft  use.  It  is  becoming  more  difficult  to  ensure 
that  adequate  stability  margins  can  be  maintained  because  of 
current  design  trends  toward  airblast  atomization  of  liquid 
fuel,  high  temperature  rise,  and  low  emissions  combustors. 

As  part  of  a  comprehensive  research  program  to  investigate, 
understand,  and  model  lean  blowouts  in  the  combustors  of 
aircraft  gas  turbine  engines  (Sturgess  et  al.,  1991a),  three  com¬ 
bustors  are  utilized.  These  vehicles  consist  of  a  research  com¬ 
bustor,  a  technology  combustor,  and  a  generic  gas  turbine 
combustor,  which  reflect  the  three-phase  approach  to  the  prob¬ 
lem.  The  purpose  of  the  research  combustor  is  to  yield  fun¬ 
damental  information  on  the  lean  biowout  process  to  assist  in 
understanding  the  events  taking  place  during  blowout,  and  so 
guide  in  modeling  them. 

In  gas  turbine  combustor  design,  it  is  generally  recognized 
that  the  end  of  the  flame-holding  primary  zone  is  determined 
by  the  transverse  combustion  air  jets  entering  through  the 
combustor  liners  (Lefebvre,  1983).  For  combustors  using  either 
pure  airblast  or  hybrid  pressure-atomizing  primary/airblast 
secondary  fuel  injectors,  it  has  been  observed  that  dynamic 
interactions  can  occur  between  the  axially  directed  jets  of  at¬ 
omized  fuel/air  mixture  from  the  injectors,  and  these  trans¬ 
verse  combustion  air  jets.  Recirculation  zones  of  the  “external” 

Contributed  by  the  International  Gas  Turbine  Institute  and  presented  at  the 
37th  Internationa!  Gas  Turbine  and  Aeroengine  Congress  and  Exposition,  Co¬ 
logne.  Germany,  June  1-4,  1992.  Manuscript  received  by  the  International  Gas 
Turbine  Institute  February  6.  1992.  Paper  No.  92-CT-81.  Associate  Technical 
Editor:  L.  S.  Langston. 


(Gupta  et  al.,  1984)  or  “inside-out”  type  (Sturgess  et  al.,  1990) 
seem  to  be  especially  prone  to  this  behavior.  The  interaction 
can  be  exacerbated  if  the  airflow  through  the  combustor  dome 
(including  the  injectors)  is  a  significant  proportion  of  the  com¬ 
bustor  total  flow,  and  if  the  transverse  air  jets  are  close  to  the 
dome. 

It  was  therefore  felt  that  the  important  back-pressure  effect 
exerted  on  the  flame  through  the  presence  of  the  combustion 
air  jets  should  be  included  in  any  simulation  of  a  gas  turbine 
combustor  primary  zone. 

In  the  research  combustor,  which  was  intended  for  the  study 
of  the  breakdown  of  flame  stabilization  in  the  primary  zone, 
the  essential  features  of  a  typical  primary  zone  of  modern 
combustors  were  reproduced  in  simplified  form  (Sturgess  et 
al.,  1992a).  Combustion  air  jets  were  not  included  directly  due 
to  the  complication  involved;  however,  the  back-pressure  of 
these  jets  was  represented  by  means  of  exit  blockage  from  the 
combustor. 

Research  Combustor 

The  research  combustor  consists  of  a  central  fuel  jet  of 
gaseous  propane  surrounded  by  an  unheated  co-axial  air  jet, 
with  the  confluence  of  the  jets  centrally  located  in  a  nominally 
circular  cross-sectional  duct  (Sturgess  et  al.,  1992b).  The  duct 
is  closed  at  its  forward  end  to  give  a  backward-facing  step. 
The  combustor  exit  is  open  to  the  atmosphere;  low  pressure 
effects  on  lean  blowout  are  simulated  by  means  of  dilution 
through  injection  of  excess  nitrogen  into  the  air  supply  (Stur¬ 
gess  et  al.,  1991b).  The  combustor  is  mounted  vertically  on  an 
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airflow-conditioning  unit,  which  traverses  through  a  cutout  in 
a  fixed  optical  bench,  Fig.  1. 

The  combustion  tunnel  was  designed  and  constructed  in  two 
sections:  a  fixed  upstream  window  section  providing  optical 
access  as  needed,  and  a  replaceable  downstream  chimney.  The 
chimney  is  available  in  two  lengths,  and  the  combustor  can  be 
run  with  either  of  these,  or  with  no  chimney  at  all.  The  com¬ 
bustor  has  a  hydraulic  diameter  of  150  mm,  giving  length  to 
diameter  (L/D)  ratios  of  3.167,  4.9,  and  6.513,  respectively, 
depending  on  the  chimney  arrangement.  The  inner  diameter 
of  the  fuel  tube  is  29.97  mm  with  a  2-deg  half-angle  taper  over 
120  mm  of  its  length,  and  the  outer  diameter  of  the  air  passage 
at  discharge  is  40  mm. 

Provision  is  made  for  combustor  exit  blockage.  The  geo¬ 
metric  values  of  exit  blockage  are  21.0,  45.1,  and  62.0  percent 
of  the  combustion  cross  section.  These  blockages  are  achieved 
by  means  of  thin  orifice  plates.  For  the  45. 1  percent  geometric 
blockage,  “top-hat”  exits  with  tailpipe  length  to  diameter 
(L/D)  values  of  1.0  and  2.1,  respectively,  are  also  available. 

The  optical  windows  can  be  replaced  by  metal  plates  con¬ 
taining  arrays  of  thermocouples  for  wall  temperature  meas¬ 
urements,  and  tappings  for  static  pressure  measurements.  The 
combustor  may  be  run  with  any  combination  of  windows  and 
plates. 


LDA  Arrangement 

Mean  and  fluctuating  velocity  component  measurements  are 
obtained  by  means  of  a  laser-Doppler  anemometer  (LDA)  sys¬ 
tem  (Sturgess  et  al.,  1992b),  using  10-deg  off-axis  forward 
scattering.  The  effective  probe  volume  is  50  x  300  x  750  /xm. 

The  combustor  is  mounted  vertically  in  the  facility  (Sturgess 
et  al.,  1992a),  and  its  centerline  constitutes  the  z  axis,  with 
zero  taken  as  the  plane  of  the  step.  The  x  and  y  axes  are 
diametral  to  the  combustor  cross  section,  with  thexaxis  aligned 
with  the  LDA  axis.  Velocities  parallel  to  and  increasing  in  the 
direction  of  the  z  axis,  and  velocities  normal  to  and  directed 
away  from  the  axis,  are  considered  positive. 

The  effective  optical  window  within  which'data  may  be  taken 
is  defined  by:  —68.7  <  x  <  +68.7  mm,  and  —  22  <  >'  <  33 
mm;  in  the  downstream  direction  it  is  +2  <  z  <  358  mm. 


Fig.  2  Arrangement  of  the  CARS  system  optics 


This  window  permits  reasonable  access  to  the  major  flow  field 
features  (Sturgess  et  al.,  1992b). 

For  error  assessments,  see  Sturgess  et  al.  (1992b). 


CARS  Arrangement 

The  laser  source  for  the  coherent  anti-Stokes  Raman  Spec¬ 
troscopy  (CARS)  optics  is  a  Nd:YAG  pulse  laser  with  10  ns 
time  resolution.  The  frequency-doubled  source  green  beam 
(532  nm)  is  equally  divided  into  four  parts:  two  of  these  serve 
as  pump  beams,  while  the  remaining  two  pump  a  dye  laser 
oscillator  and  amplifier.  The  dye  laser  is  tuned  to  provide  a 
red  broad-band  Stokes  beam  (1 10  FWIIM)  centered  at  607  nm. 
The  red  Stokes  beam  and  the  two  green  pump  beams  are  then 
focused  together  by  a  25  cm  focal  length  lens  in  a  BOXCARS 
configuration.  A  25  x  250  ^ni  measuring  spot  size  is  achieved. 
The  CARS  signal  is  collected  by  a  Spex  1702  spectrometer, 
1024-element  DARSS  camera,  and  Tracor-Northern  multi¬ 
channel  analyzer  (Fig.  2).  The  raw  data  are  processed  by  a 
MODCOMP  minicomputer. 

From  the  raw  data  the  temperatures  are  determined  by  com¬ 
paring  the  actual  nitrogen  spectra  to  the  calculated  spectra, 
using  a  least-squares  fit.  The  calculation  of  a  nitrogen  CARS 
spectrum  requires  knowledge  of  the  instrument  slit  function. 
Error  problems  associated  with  the  assumption  of  a  constant 
slit  function  when  the  optical  path  contains  density  and/or 
temperature  gradients  are  avoided  by  use  of  a  simple  method 
of  determining  slit  functions  from  the  collected  data  at  actual 
temperature  and  turbulence  levels,  by  applying  local  ther¬ 
modynamic  equilibrium  principles  (Heneghan  et  al.,  1991). 
This  method  has  been  shown  to  yield  improvements  in  the 
precision  of  the  CARS  measurement  (Heneghan  and  Vangs- 
ness,  1991). 

Both  fuel  and  air  flows  were  monitored  by  separate  electronic 
flow  control  units  to  within  ±0.5  percent  and  ±1.5  percent, 
respectively.  The  combined  error  produced  an  uncertainty  of 
±1.5  percent  in  equivalence  ratio,  or  ±30  K  in  temperature. 
Usually,  500  samples  were  taken  for  each  CARS  measurement 
to  ensure  that  the  error  in  rms  temperature  was  less  than  10 
K.  The  rms  temperature  is  susceptible  to  CARS  instrument 
noise  (Heneghan  and  Vangsness,  1990).  However,  in  com¬ 
busting  flow  the  temperature  fluctuations  are  much  greater 
than  the  instrument  noise,  and  thus  the  measurement  precision 
(reproducibility)  is  good.  It  is  estimated  overall  that  the  CARS 
mean  temperature  measurement  accuracy  is  within  50  K,  while 
the  precision  is  well  within  20  K.  Unlike  the  LDA,  CARS 
temperature  measurements  are  time-averaged  without  density¬ 
biasing  effects. 


Isothermal  Flow  Field 

Development  of  the  isothermal  flow  field  in  the  research 
combustor  with  a  free  outlet  is  fully  discussed  by  Sturgess  et 
al.  (1992b).  Briefly,  at  a  simulated  blowout  condition,  the 
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AXIAL  STATION  125  mm  FROM  STEP 


AXIAL  STATION  300  mm  FROM  STEP 
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Fig.  3  Radial  profiles  of  mean  axial  velocity  in  isothermal  flow  125  mm 
downstream  from  the  step-plane,  showing  central  flow  net  acceleration 
with  exit  blockage 
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Fig.  4  Radial  profiles  of  mean  axial  velocity  in  Isothermal  flow  300  mm 
downstream  from  the  step-plane,  showing  central  flow  net  acceleration 
with  exit  blockage 
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annular  air  jet  immediately  entrains  the  central  fuel  jet,  gen¬ 
erating  a  small  central  recirculation  bubble  of  length  17  mm 
with  a  beginning  about  15  mm  downstream  of  the  jet  conflu¬ 
ence.  The  individual  jets  thus  quickly  merge  as  they  expand 
into  the  combustor,  and  soon  lose  their  identities.  This  merging 
is  complete  by  138  mm  from  the  step.  The  step  generates  a 
large  recirculation  zone  of  axial  length  7.7  step  heights,  and 
with  vortex  centers  about  3.1  step  heights  downstream. 

The  addition  of  exit  blockage  by  orifice  plate  exerts  an  ob¬ 
vious  effect  on  the  radial  profiles  of  mean  axial  velocity  as  the 
flow  accelerates  along  the  combustor  centerline  to  form  a  vena 
contracta  in  the  exit  plane,  with  a  toroidal  recirculation  zone 
forming  on  the  forward  face  of  the  orifice  plate.  For  the  4.9 
L/D  combustor  the  near-field  is  unaffected,  but  the  centerline 
flow  acceleration  is  evident  as  close  as  125  mm  downstream 
from  the  step-plane.  Figures  3  and  4  demonstrate  this  at  the 
125  and  300  mm  stations,  respectively,  for  45.1  percent  block¬ 
age.  Note  that  the  acceleration  effect  is  ameliorated  to  some 
extent  by  the  expansion  of  the  combined  jets  into  the  com¬ 
bustor. 

There  were  no  changes  apparent  in  the  fluctuating  velocities 
with  the  addition  of  exit  blockage. 

The  flow  field  with  reaction  present  is  the  process  of  being 
measured.  The  features  described  under  isothermal  conditions 
are  unchanged  in  character  by  the  heat  release. 

Effects  of  Blockage  on  Flame  Behavior 

The  research  combustor  operates  with  three  basic  flame  con¬ 
ditions,  depending  on  the  equivalence  ratio.  For  <^  >  1.05 
approximately,  a  thin,  sheathlike  pilot  flame  is  anchored  close 
to  the  step  near  the  outer  diameter  of  the  air  passage  (Sturgess 
et  al.,  1991b).  The  fuel  source  for  this  pilot  flame  is  the  step 
recirculation  zone.  The  major  heat  release  is  then  precipitated 
downstream  in  more  or  less  distributed  fashion,  by  the  action 
of  this  pilot.  Downstream  flame-holding  takes  place  in  the 
shear  layers  associated  with  the  central  and  step  recirculation 
zones  (Sturgess  et  al.,  1992b).  For  <t>  <  1.05  approximately, 
the  pilot  flame  is  highly  intermittent  (Roquemore  et  al.,  1991), 
and  the  main  flame  is  lifted  (Sturgess  et  al.,  1991b),  allowing 
considerable  premixing  of  reactants  to  take  place  prior  to  com¬ 
bustion.  The  lifted  flame  is  positioned  between  160  to  300  mm 


from  the  step-plane.  When  0  reaches  1.5  to  2.0  and  before  a 
rich  blowout,  a  separated  flame  condition  is  again  established 
where  the  pilot  flame  is  no  longer  apparent  to  the  eye,  but  the 
main  flame  does  not  lift  in  this  case.  It  is  located  about  30  to 
40  mm  downstream  from  the  step. 

Lean  blowout  data  were  correlated  on  the  basis  of  a  com¬ 
bustor  loading  parameter  (Sturgess  et  al.,  1991b),  derived  from 
reaction  rate  theory  as 

LP=mToAyP^f) 

where  for  gaseous  fuels  and  with  simulation  of  low  pressures 
by  excess  nitrogen  injection, 

/nTot=  'Wfud  +  mair  +  mnitrogen 
V-  reactor  volume 
P=  effective  pressure 
n  =  apparent  global  reaction  order 
—  20/(  1  -I-  /Wniirogen/ ^air) 

0  =  equivalence  ratio 

F-  temperature  correction  factor  (to  400  K) 

=  10^°°‘^^^'V3.72 

r=  inlet  temperature  of  reactants  in  K. 

Use  of  LP  for  blowout  correlations  follows  from  the  adop¬ 
tion  of  a  stirred  reactor  modeling  approach  (Sturgess  et  al., 
1992a).  It  also  forms  a  useful  way  of  characterizing  the  degree 
of  “flame  straining”  present  in  the  combustor. 

Figure  5  provides  a  map  of  flame  behavior  as  a  lean  blowout 
is  approached,  obtained  by  visual  observation.  The  combustor 
L/D  was  4.9,  and  the  exit  was  a  45.1  percent  blockage  orifice 
plate.  Inlet  temperatures  for  the  reactants  were  constant  at  293 
K,  and  no  excess  nitrogen  was  injected.  The  Reynolds  number 
of  the  annular  air  jet  was  in  the  range  of  24,800  to  46,000. 
The  attached  and  lifted  flame  conditions  are  illustrated  in  Fig. 

2  of  Sturgess  et  al.  (1991b). 

The  range  of  the  loading  parameter  in  Fig.  5  is  such  that 
lean  blowouts  were  obtained  close  to  the  flammability  limits 
for  propane/air  mixtures  at  ambient  conditions  (Lewis  and 
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Fig.  6  Dependence  of  equivalence  ratio  for  flame  lift  on  exit  blockage 
for  low  and  intermediate  combustor  loadings 


von  Elbe,  1961).  The  flame  behavior  seen  is  both  reversible 
and  repeatable.  Flame  lift  can  be  seen  at  about  1.05  equivalence 
ratio,  and  is  insensitive  to  loading  parameter  over  the  limited 
range  covered.  Subsequent  tests  (Sturgess  et  al.,  1991b)  with 
injection  of  excess  gaseous  nitrogen  into  the  air  stream  showed 
no  effects  on  equivalence  ratio  for  flame-lift.  When  the  fuel 
flow  was  progressively  reduced  at  constant  airflow,  or  the 
airflow  was  progressively  increased  at  constant  fuel  flow,  the 
same  sequence  of  flame  events  leading  to  a  blowout  took  place. 
These  events  are  shown  in  Fig.  5.  Eventually,  an  oscillatory 
flow  situation  develops,  with  large-scale  axial  movements  of 
the  entire  lifted  flame  about  a  mean  position.  This  motion 
leads,  in  due  course,  to  lean  blowout. 

The  existence  of  the  sequence  of  flame  behaviors  did  not 
change  qualitatively  with  differences  in  exit  blockage.  How¬ 
ever,  the  equivalence  ratio  for  flame  lift  was  observed  to  de¬ 
crease  slightly  with  increase  in  blockage  due  to  orifice  plates 
(Fig.  6).  Similar  behavior  was  observed  with  increase  in  tailpipe 
L/D  for  the  45.1  percent  blockage  top-hat  section  (Fig.  7). 

The  significance  of  the  10,0(X)  Reynolds  number  for  the  fuel 
jet  in  Figs.  6  and  7  is  that  this  value  represents  a  critical 
threshold  for  transition  to  turbulent  flow  for  propane  (Lewis 
and  von  Elbe.  1961). 


COMBUSTOR  L/D  4.9 
BLOCKAGE  =  0.451  (GEOMETRIC) 
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Fig.  7  Dependence  of  equivalence  ratio  for  flame  lift  on  tailpipe  length 
for  45  percent  geometric  exit  blockage 
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Fig.  8  Influence  of  exit  blockage  and  combustor  loading  on  equivalence 
ratio  for  onset  of  axial  movements  of  the  lifted  flame 


A  fairly  strong  influence  on  the  equivalence  ratio  for  the 
onset  of  the  large-scale  axial  oscillation  of  the  lifted  flame  was 
observed,  as  shown  in  Fig.  8.  Increased  blockage  raises  this 
equivalence  ratio  and  is  therefore  destabilizing,  opposite  to  the 
effect  on  flame  lift.  Note  the  significance  of  air  jet  Reynolds 
numbers. 

It  is  apparent  that  the  loss  of  the  important  pilot  flame  marks 
the  beginning  of  a  lean  blowout  sequence.  A  similar  importance 
of  the  pilot  flame  is  observed  as  a  rich  blowout  is  approached. 
Figure  9  shows  the  dependence  of  rich  equivalence  ratio  for 
loss  of  the  pilot  flame  (to  result  in  a  separated  main  flame), 
on  exit  blockage  in  the  4.9  L/D  combustor.  Note  that  on  the 
rich  side,  decreasing  equivalence  ratio  denotes  a  maximum  loss 
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LOADING  NEAR  FLAMMABILITY  LIMIT 


Outlet  Blockage.  B 

Fig.  9  Dependence  of  equivalence  ratio  lor  flame  separation  on  exit 
blockage  for  low  combustor  loading 
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Fig.  11  Influence  of  exit  blockage  on  lean  blowout  at  low  combustor 
loading  in  three  combustor  lengths 
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Fig.  10  Influence  of  combustor  Ipading  on  equivalence  ratio  for  flame 
separation  at  45  percent  exit  blockage 


of  Stability  at  45.1  percent  blockage.  At  given  blockage  this 
rich  equivalence  ratio  for  pilot  flame  loss  decreases  as  the 
combustor  loading  is  increased;  Fig.  10  demonstrates  this  for 
the  4.9  L/D  combustor  at  45. 1  percent  exit  blockage  by  orifice 
plate. 

Direct  Effects  on  Lean  Blowout 

It  was  observed  for  low  values  (about  0.18  Ib^/ 
(sec.ft.^atmos.")  close  to  the  flammability  limits  for  propane/ 
air  mixtures  at  these  conditions)  of  the  loading  parameter  that 
the  blowout  equivalence  ratio  decreased  linearly  as  the  exit 
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Fig.  12  Dependence  of  lean  blowout  at  low  loadings  on  combustor 
length  with  45  percent  exit  blockage 

blockage  by  orifice  plate  was  increased.  This  is  shown  in  Fig. 
1 1 ,  and  is  somewhat  surprising  since  the  lifted  flame  is  posi¬ 
tioned  (Roquemore  et  al.,  1991)  in  the  regions  where  the  mean 
flow  is  beginning  to  be  accelerated  due  to  the  blockage  (Figs. 
3  and  4),  at  least  in  isothermal  flow.  Heat  release  should  in¬ 
crease  the  flow  acceleration.  The  improvement  in  stability  de¬ 
pended  on  the  combustor  L/D  ratio;  for  a  given  blockage,  the 
shorter  the  combustor  the  less  stable  it  was  and  the  greater  its 
sensitivity  to  the  exit  blockage.  For  the  4.9  L/D  combustor  at 
this  loading,  the  lean  blowouts  were  virtually  independent  of 
exit  blockage. 

For  a  fixed  exit  orifice  plate  blockage  of  45.1  percent  at 
slightly  higher  loading  parameter,  the  dependency  on  L/D  is 
given  in  Fig.  12,  where  it  can  be  seen  that  an  optimum  L/D 
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Fig.  13  Influence  on  lean  blowout  of  exit  blockage  at  high  combustor 
loading 
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Fig.  14  Comparison  of  actual  watt  temperatures  with  smoothed  values 
over  a  range  of  equivalence  ratios,  showing  influence  of  exit  blockage 


exists.  Close  to  the  flammability  limits  there  is  also  a  fairly 
strong  sensitivity  of  blowout  equivalence  ratio  to  combustor 
loading  parameter.  The  existence  of  the  optimum  combustor 
length  for  maximum  stability  close  to  the  flammability  limits 
(Lewis  and  von  Elbe,  1961)  can  be  attributed  to  the  occurrence 
of  acoustic  coupling  (organ-pipe  resonance  driving  eddy  shed¬ 
ding  off  the  step  at  55  Hz)  at  large  L/D  (Heneghan  et  al., 
1990),  and  outlet  interference  with  flame  holding  at  small 
UD, 

At  45.1  percent  exit  blockage  the  peak  amplitude  of  the  55 
Hz  frequency  signal  measured  inside  the  combustor  by  Kistler 
pressure  transducers  was  increased  by  a  factor  of  5.5  when  the 
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combustor  LfD  was  increased  from  3.167  to  6.513.  For  the 
4.9  L/D  combustor  with  45.1  percent  exit  blockage  (and  the 
acoustic  treatment  described  by  Heneghan  et  al.,  1990),  the 
peak-to-peak  amplitudes  for  low-frequency  oscillations  (1-600 
Hz)  were  less  than  0.69  N/m^,  for  high-frequency  oscillations 
(1-5  kHz)  the  amplitudes  were  less  than  6.9  N/m^ 

Figure  13  displays  the  sensitivity  to  exit  blockage  in  the  4.9 
L/Z> combustor  operating  at  loadings  (10  lbm/(sec.  ft. ^atmos.O) 
near  the  peak  heat  release  rate  condition  (obtained  with  a 
combination  of  high  airflow  rates  and  injection  of  excess  ni¬ 
trogen  as  a  diluent).  Again,  the  blowout  equivalence  ratio 
decreases  linearly  with  increasing  blockage.  However,  when 
contrasted  with  the  sensitivity  to  blockage  for  this  combustor 
near  the  flammability  limits  (Fig.  11),  it  is  seen  that  blockage 
exerts  a  much  more  powerful  influence  on  stability  at  this 
higher  loading. 

The  general  conclusion  can  be  drawn  that  exit  blockage 
improves  the  lean  stability  of  the  research  combustor.  The 
effectiveness  of  blockage  in  improving  the  stability  in  a  com¬ 
bustor  of  given  length  depends  on  the  loading  at  which  the 
combustor  is  operated.  Of  the  three  combustor  lengths  eval¬ 
uated  (and  for  operation  at  low  loadings  at  least),  the  4.9  L/D 
combustor  has  the  best  stability  at  any  blockage  level  between 
0  and  62  percent.  Exit  blockage  reduces  the  rich  stability  of 
the  research  combustor,  and  the  extent  of  this  also  depends 
on  the  combustor  loading. 


Wail  Temperature  Behavior 

The  wall  temperatures  for  the  combustor  are  needed  to  pro¬ 
vide  boundary  condition  information  for  subsequent  com¬ 
putational  fluid  dynamic  calculations  to  be  made  in  attempts 
to  model  the  lean  blowout  process.  They  can  also  provide,  by 
inference,  additional  information  concerning  development  of 
major  flow  features  in  the  combustor. 

Wall  temperatures  are  most  conveniently  expressed  in  non- 
dimensional  form,  sometimes  known  as  Metal  Temperature 
Factor  (MTF),  and  defined  by 


where 

Ts 

T'adjl 


MTF  = 


'L'adJ!~  T'in 


wall  temperature 
adiabatic  flame  temperature. 


For  premixed  flames,  MTF  represents  a  normalized  wall 
temperature,  and  is  particularly  useful  in  the  present  case  there¬ 
fore,  because  of  the  partial  premixing  that  takes  place  when 
the  flame  is  lifted. 

Figure  14  compares,  at  44.5  mm  downstream  from  the  step  . 
and  inside  the  step  recirculation  zone,  actual  thermocouple 
temperatures  over  a  range  of  equivalence  ratios  against  tem¬ 
peratures  derived  from  the  MTF  trend  with  downstream  dis¬ 
tance.  Data  are  provided  for  zero  and  45. 1  percent  exit  blockage 
in  the  4.9  L/D  combustor.  The  tests  were  made  for  a  variety 
of  jet  velocity  ratios  and  combustor  flow  functions.  No  effect 
of  velocity  ratio  was  apparent,  and  substantial  increase  in  flow 
function  resulted  in  only  a  negligible  increase  in  MTF. 

The  figure  shows  that  wall  temperatures  in  the  recirculation 
zone  increase  with  combustor  exit  blockage  by  about  20  to  25 
K  for  45.1  blockage.  Peak  temperatures  occur  at  equivalence 
ratios  in  the  range  of  0.9  to  1.1.  For  the  attached  flame  con¬ 
dition  (<t>  >  1.05),  temperature  levels  are  about  820  K,  and 
fall  to  about  780  K  as  lean  blowout  is  approached. 

The  form  of  MTF  variation  with  equivalence  ratio  is  shown 
in  Fig.  15  for  a  station  146  mm  downstream  from  the  step 
(still  inside  the  recirculation  zone).  The  behavior  in  the  figure 
is  typical  of  all  axial  stations  along  the  combustor.  MTF  de¬ 
creases  with  increasing  equivalence  ratio  up  to  an  equivalence 
ratio  of  about  0.95,  and  then  becomes  independent  out  to  a 
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Fig.  15  Normalized  wall  temperatures  at  126  mm  from  step-plane  for 
zero  and  45  percent  exit  blockage,  showing  influence  of  equivalence 
ratio 
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Fig.  17  Variations  of  maximum  normalized  wall  temperatures  for  lifted 
and  attached  flames  at  several  values  of  exit  blockage 
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Fig.  16  Indicated  equivalence  ratios  for  fiame-lift  from  wall  tempera¬ 
tures,  compared  with  direct  observations 


E 
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Fig.  18  Dependency  of  position  of  maximum  normalized  wall  temper¬ 
ature  on  exit  blockage  for  lifted  and  attached  flames 


value  of  1.6.  There  is  negligible  effect  of  blockage  on  MTF  at 
this  station. 

The  “break”  in  the  curve  of  Fig.  15  may  be  interpreted  as 
representing  the  flame-lift  condition.  The  inferred  equivalence 
ratios  for  flame-lift  based  on  this  break  for  different  axial 
locations  are  shown  in  Fig.  16  compared  with  the  equivalence 
ratios  for  flame-lift  based  on  direct  observation  (Fig.  6).  As 
might  be  anticipated,  inferences  based  on  data  from  down¬ 
stream  are  in  better  agreement  with  direct  observations.  No 
effect  of  blockage  is  apparent  on  the  inferred  fiame-lift,  which 
does  not  conflict  with  direct  observation  in  Fig.  6. 

The  variations  of  the  maximum  value  of  MTF  with  equiv¬ 
alence  ratio  for  0,  45.1,  and  62  percent  geometric  blockages 
are  given  in  Fig.  17;  the  flame  condition— lifted  or  attached— 
is  delineated  based  on  Fig.  6.  The  values  of  maximum  MTF, 
and  the  positions  at  which  they  occur,  were  derived  at  each 


equivalence  ratio  from  differentiation  of  curve  fits  to  MTF 
versus  axial  distance  information  obtained  from  the  curves  in 
plots  such  as  given  in  Fig.  15. 

Figure  17  indicates  that  maximum  MTF  reaches  its  minimum 
value  at  about  the  equivalence  ratio  for  fiame-lift.  Exit  block¬ 
age  does  not  affect  the  value  of  maximum  MTF,  but  maximum 
MTF  does  increase  as  lean  blowout  is  approached. 

When  the  position  at  which  maximum  MTF  is  reached  is 
plotted  in  similar  fashion  in  Fig.  18,  a  strong  effect  of  blockage 
is  apparent  for  lifted  flames;  equivalence  ratios  for  attached 
flames  do  not  influence  this  position  significantly.  For  the  three 
blockages  shown,  the  position  of  maximum  MTF  is  roughly 
constant  around  450  mm  from  the  step  for  attached  flames. 

When  equivalence  ratio  is  reduced  so  that  a  lifted  flame  is 
established,  an  unrestricted  combustor  exit  results  in  the  po¬ 
sition  of  maximum  MTF  initially  moving  back  toward  the  step. 
However,  for  an  equivalence  ratio  of  0.9,  the  closest  position 
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Fig.  19  Dependency  of  wall  static  pressures  in  the  step  recirculation 
zone  on  inlet  flow  parameter  and  jet  velocity  ratio  in  isothermal  flow 
with  a  free  exit 


to  the  step  is  reached  at  about  270  mm;  thereafter,  as  equiv¬ 
alence  ratio  is  further  lowered  toward  a  lean  blowout,  the 
position  again  moves  downstream  as  the  flame-lift  increases. 

The  addition  of  exit  blockage  introduces  an  additional  re¬ 
circulation  zone  (on  the  orifice  plate  upstream  face)  into  the 
combustor,  and  the  existence  of  this  recirculation  is  how  block¬ 
age  exerts  an  influence  on  the  position  of  maximum  MTF.  The 
position  of  maximum  MTF  is  associated  with  the  reattachment 
plane  of  the  step  recirculation  zone  since  this  is  where  the  jet 
shear  layers  reach  the  combustor  wall  (Sturgess  et  al.,  1992b). 
These  jet  shear  layers  are  where  the  majority  of  the  heat  release 
takes  place  during  combustion,  whether  or  not  the  pilot  flame 
is  attached  (Sturgess  et  al.,  1991a).  Movements  of  the  position 
of  maximum  MTF  therefore  reflect,  albeit  in  crude  fashion, 
movements  of  the  reattachment  plane  for  the  step  recirculation 
zone.  The  lack  of  blockage-effect  on  the  value  of  maximum 
MTF  (Fig.  17)  indicates  that  heat  release  in  the  jet  shear  layers 
is  not  substantially  changed  by  combustor  exit  blockage;  how¬ 
ever,  the  trajectory  of  these  shear  layers  is  (Fig.  18),  possibly 
due  to  flow  acceleration  as  a  result  of  the  heat  release.  The 
behavior  evident  in  Fig,  18  for  45.1  and  62  percent  blockage 
is  the  result  of  interactions  between  the  step  and  orifice  plate 
recirculation  zones,  due  to  heat  release  rate  as  equivalence  ratio 
is  varied,  and  modified  by  the  two  flame  conditions. 

With  this  flow  model,  the  lifted-flame  (partially  premixed) 
behavior  for  maximum  MTF  in  Fig.  18  at  zero  exit  blockage 
is  consistent  with  the  findings  of  Morrison  et  al.  (1987),  Pitz 
and  Daily  (1983),  and  Stevenson  et  al.  (1982)  for  premixed 
flames  that  a  step  recirculation  zone  at  fixed  (turbulent)  Reyn¬ 
olds  number  decreases  in  size  with  increasing  equivalence  ratio. 
The  minimum  distance  occurring  at  an  equivalence  ratio  of 
0.9  suggests  that  pilot  flame  attachment  becomes  evident  be¬ 
fore  the  directly  observed  equivalence  ratio  of  1.05  (Fig.  6). 
Examination  of  the  intermittency  of  the  pilot  flame  (Roque- 
more  et  al.,  1991;  Chen,  1991)  tends  to  confirm  this  suggestion. 

Wall  Static  Pressures 

For  an  atmospheric  pressure  discharge  combustor  with  exit 
blockage,  wall  static  pressures  provide  means  for  a  convenient 
assessment  of  the  extent  of  the  additional  recirculation  zone 
set  up  on  the  orifice  plate  upstream  face.  With  a  free  exit,  the 
difference  between  ambient  pressure  and  wall  static  pressure 
in  the  combustor  reaches  zero  in  the  exit  plane.  However,  when 
the  exit  is  restricted,  this  difference  reaches  zero  at  some  po¬ 
sition  inside  the  combustor  (Heneghan  et  al.,  1990).  The  po¬ 
sition  where  this  occurs  marks  the  stagnation  plane  for  the  aft 
recirculation  zone  on  the  orifice  plate. 

In  isothermal  flow  the  wall  static  pressure  at  a  given  station 
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Fig.  20  Suppression  of  dependency  of  wall  static  pressure  on  jet  ve¬ 
locity  ratio  by  exit  blockage  (45  percent)  in  Isothermal  flow 
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Fig.  21  Suppression  of  dependency  of  wall  static  pressure  on  jet  ve¬ 
locity  ratio  by  combustion  with  a  free  exit 


is  a  function  of  the  jet  velocity  ratio  X,  and  the  inlet  flow 
parameter,  as  can  be  seen  for  a  station  44,5  mm  downstream, 
in  Fig.  19.  As  Fig.  20  demonstrates,  when  exit  blockage  is 
introduced,  the  dependency  of  wall  static  pressure  on  velocity 
ratio  is  suppressed.  Combustion  also  suppresses  the  depend¬ 
ency  on  jet  velocity  ratio,  even  for  a  free  exit.  This  is  illustrated 
in  Fig.  21,  where  it  is  also  shown  that  the  flame  condition  does 
not  exert  an  influence. 

Again  using  curve  fits  and  differentiation,  the  axial  positions 
along  the  combustor  at  which  atmospheric  pressure  was  at¬ 
tained  were  found.  Typical  wall  static  pressure  axial  distri¬ 
butions  are  given  in  Fig.  3  of  Heneghan  et  al.  (1990).  Figure 
22  shows  that  in  isothermal  flow  this  condition  was  reached 
at  a  constant  580  mm  approximately,  with  45.1  percent  exit 
blockage,  and  was  so  regardless  of  inlet  flow  parameter  or  jet 
velocity  ratio.  With  combustion  and  the  same  blockage,  the 
position  for  atmospheric  pressure  was  a  strong  function  of 
equivalence  ratio,  as  Fig.  23  shows,  where  the  leading-edge  of 
the  aft  recirculation  zone  moves  progressively  forward  in  the 
combustor  as  equivalence  ratio  is  reduced,  independent  of 
flame  condition. 

At  62  percent  blockage  the  position  at  which  atmospheric 
pressure  was  attained  was  always  greater  than  600  mm  from 
the  step,  and  thus  could  not  be  accurately  determined  from 
the  static  tap  positions  available. 

Relationship  Between  Recirculation  Zones 

The  information  on  the  end  of  the  step  recirculation  zone 
inferred  from  MTF  data  (Fig.  18)  can  be  combined  with  the 
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Fig.  22  independence  from  inlet  flow  parameter  and  jet  velocity  ratio 
of  position  where  atmospheric  pressure  is  reached  on  the  combustor 
wall,  in  isothermal  flow  with  45  percent  exit  blockage 


Fig.  23  Variation  of  downstream  position  where  wall  static  pressure 
reaches  atmospheric  with  equivalence  ratio  at  45  percent  exit  blockage 


information  on  the  beginning  of  the  orifice  plate  recirculation 
zone  from  the  static  pressure  data  (Fig.  23)  in  order  to  examine 
the  relationship  between  these  two  important  flow  features  in 
the  restricted-exit  combustor. 

Figure  24  shows  a  combination  of  Figs.  18  and  23  for  45.1 
percent  exit  blockage  with  combusting  flow.  It  can  be  deduced 
that  there  is  always  positive  separation  between  the  end  of  the 
step  recirculation  zone  and  the  beginning  of  the  orifice  plate 
recirculation  zone  for  this  blockage.  Furthermore,  for  lifted 
flames,  this  separation  is  maintained  at  a  constant  distance  of 
about  80  mm,  so  that  direct  interference  never  happens.  For 
attached  flames,  the  separation  distance  increases,  as  Fig.  25 
shows. 

For  62  percent  blockage,  it  appears  as  though  direct  inter¬ 
ference  between  zones  does  not  occur  either,  despite  the  fact 
that  the  inferred  position  of  the  end  of  the  step  recirculation 
zone  is  farther  downstream  at  around  500  mm  for  all  equiv¬ 
alence  ratios  (Fig.  18). 

Gas  Temperature  Profiles 

Limited  gas  temperature  measurements  were  made  using  the 
CARS  system.  Profiles  along  the  combustor  centerline  and, 
radially,  close  to  the  step,  were  taken  at  0, 45.1,  and  62  percent 
exit  blockage  by  orifice  plates  in  order  to  assess  what  blockage 
did  to  the  all-important  step  recirculation  zone.  This  was  a 
quick  preliminary  look  made  prior  to  more  extensive  field¬ 
mapping  of  temperature  to  be  reported  separately. 

’  The  axial  profiles  of  mean  temperature  along  the  combustor 
centerline  at  45.1  percent  exit  blockage  for  lifted  and  attached 


WITH  45%  BLOCKAGE 


Equivalence  Ratio 

Fig.  24  Downstream  positions  where  atmospheric  pressure  and  max¬ 
imum  normalized  wall  temperature  are  attained  as  equivalence  ratio  is 
varied  for  fixed  exit  blockage 

WITH  45%  BLOCKAGE 


Fig.  25  Distance  between  recirculation  zones  for  lifted  and  attached 
flames  at  fixed  exit  blockage 


flames  are  given  in  Fig.  26,  where  the  temperatures  are  pre¬ 
sented  as  the  ratio  of  actual  temperature  to  the  adiabatic  flame 
temperature.  The  combustor  loadings  in  both  cases  are  in  the 
range  of  0.7  to  0.76  lbm/(sec.ft.^atmos."),  i.e.,  fairly  near  the 
lean  flammability  limit.  For  both  flames  the  temperature  in¬ 
itially  falls,  and  then  increases  again  for  distances  greater  than 
100  mm  from  the  step-plane.  By  consideration  of  Sturgess  et 
al.  (1992b),  the  increases  in  centerline  mean  temperature  can 
be  associated  with  the  inner  edge  of  the  reacting  jets  shear 
layer  reaching  the  centerline  and  thereby  introducing  sufficient 
oxidant  for  extensive  chemical  reaction  to  take  place  on  the 
centerline.  The  initial  distance  in  this  profile  can  therefore  be 
viewed  as  a  conditional  thermochemical  potential  core  region. 
Note  that  the  position  of  mean  temperature  increase  is  in  the 
region  where  in  isothermal  flow  the  centerline  mean  axial  ve¬ 
locity  begins  to  accelerate  with  the  45.1  percent  exit  blockage 
(Fig.  3).  Also,  for  the  attached  flame,  the  dimensionless  mean 
temperature  level  is  generally  increased  over  that  for  the  lifted 
flame. 
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COMBUSTOR  L/D  =  4.9 
EXIT  BLOCKAGE  =  45  % 


Fig.  26  Centerline  profiles  of  dimensionless  mean  gas  temperature  for 
attached  and  lifted  flames  at  fixed  exit  blockage 
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Fig.  27  Radial  profiles  of  dimensionless  mean  gas  temperature  In  the 
step  region  for  attached  and  lifted  flames  at  fixed  exit  blockage 


Radial  profiles  of  dimensionless  mean  temperature  for  the 
condition  above  are  given  in  Fig.  27  for  a  downstream  station 
5  mm  from  the  step.  Comparison  of  these  profiles  reveals  the 
effect  of  the  attached  flame  on  mean  temperature,  and  shows 
the  pilot  flame  to  be  located  at  a  radius  of  17  to  20  mm.  The 
probability  distribution  functions  (p.d.f.)  confirm  this  defi¬ 
nition.  This  is  somewhat  consistent  with  the  mean  position  of 
24  mm  radius  for  the  attached  flame  determined  at  10  mm 
downstream  with  thin  filament  pyrometry  (TFP)  (Roquemore 
et  al.,  1991).  Again,  the  levels  of  dimensionless  temperature 
are  higher  at  all  radial  positions  for  the  attached  flame  con¬ 
dition.  The  p.d.f. ’s  for  the  lifted  flame  condition  agree  with 
the  measurements  of  the  spontaneous  OH  emission  given  by 
Roquemore  et  al.  (1991),  that  there  is  a  finite  probability  of 
the  pilot  flame  being  present  part  of  the  time,  even  though  the 
main  flame  is  fully  lifted  and  an  anchored  pilot  flame  is  not 
directly  observed.  For  both  lifted  and  attached  flames,  the  step 


Fig.  28  Comparison  of  centerline  profiles  of  dimensionless  mean  gas 
temperatures  for  lifted  flames  at  various  exit  blockages 


recirculation  zone  provides  a  significant  high-temperature  res¬ 
ervoir  for  the  combustion  processes  developing  in  the  shear 
layers. 

Note  that  both  Figs.  26  and  27  indicate  an  elevation  of  gas 
temperatures  over  the  inlet  conditions  close  to  the  confluence 
of  the  jets  and  around  the  region  encompassing  the  small, 
central  recirculation  bubble  (Sturgess  et  al.,  1992b).  Although 
not  yet  supported  by  strong  direct  evidence,  it  has  been  hy¬ 
pothesized  (Sturgess  et  al.,  1992a)  that  nonstationary  flow 
interactions  of  the  fuel  and  air  jets  with  the  central  recirculation 
bubble  result  in  additional  radial  mass  transport  of  reactants. 
Such  mass  transport  could  account  for  early  chemical  reaction 
and  hence,  the  observed  elevated  temperatures  close  to  the 
orifice.  The  p.d.f.  at  a  radius  of  14  mm  for  an  equivalence 
ratio  of  1.36  at  a  combustor  loading  of  0.428  Ibm/ 
(sec.ft.^atmos.")  shows  that  there  is  an  equal  probability  of 
the  flame  being  present  and  of  fluid  at  inlet  temperatures.  This 
radius  marks  the  position  of  the  outer  edge  of  the  fuel  tube. 
For  this  temperature  condition  to  be  so,  either  direct  flame  or 
a  hot  gas  ignition  source  from  the  step  recirculation  zone  must 
be  transported  completely  across  the  annular  air-jet  path  (see 
Fig.  1). 

The  addition  of  blockage  increases  the  centerline  mean  tem¬ 
peratures  for  lifted  flames  at  loadings  fairly  near  the  lean 
flammability  limit.  The  effect  is  particularly  strong  for  dis¬ 
tances  closer  to  the  confluence  of  the  jets  than  100  mm  as  Fig. 
28  shows.  The  radial  profiles  of  dimensionless  mean  temper¬ 
ature  indicate  that  blockage  slightly  increases  the  temperature 
in  the  step  recirculation  zone. 

The  centerline  profiles  of  the  ratio  of  the  rms  value  of  fluc¬ 
tuating  temperature  to  mean  temperature  for  0,  45.1,  and  62 
percent  exit  blockage  in  the  4.9  L/D  combustor  are  given  in 
Fig.  29.  The  equivalence  ratios  are  such  that  the  flames  were 
all  lifted,  and  the  combustor  loadings  were  0.7  to  0.76  Ibn,/ 
(sec.ft.^atmos.").  The  fluctuating  temperatures  superimposed 
on  the  mean  temperatures  are  not  significantly  affected  by  exit 
blockage.  What  is  noteworthy,  however,  is  the  dramatic  in¬ 
crease  in  the  fluctuating  component  for  distances  closer  than 
50  mm  to  the  jet  origins.  This  is  associated  in  particular  with 
the  forward  stagnation  point  of  the  small,  central  recirculation 
zone,  which  for  isothermal  flow  is  situated  at  about  14  mm 
from  the  origin. 

Figure  30  presents  radial  profiles  of  the  ratio  of  rms  tem- 
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COMBUSTOR  L/D  =  4.9 
LIFTED  FLAME 
Y  =  0  MM 


Fig.  29  Comparison  of  centerline  profiles  of  dimensionless  fluctuating 
gas  temperatures  for  lifted  flames  at  various  exit  blockages 


COMBUSTOR  L/D  =  4.9 
LIFTED  FLAME 
Z  =  5  MM 


Fig.  30  Radial  profiles  of  dimensionless  fluctuating  gas  temperatures 
in  the  step  region  for  lifted  flames  at  various  exit  blockages 


perature  to  mean  temperature  at  5  mm  downstream  from  the 
step-plane  for  a  range  of  exit  blockage  at  the  same  operating 
conditions  as  for  the  previous  figure,  i.e.,  lifted  flame  at  light 
loadings.  Temperature  fluctuations  in  the  step  recirculation 
zone  are  not  much  affected  by  the  exit  blockage.  In  sharp 
contrast,  the  existence  of  any  blockage  at  all  exerts  a  powerful 
suppressing  effect  on  fluctuations  in  the  jet  shear  layers. 

Whether  the  flame  is  lifted  or  attached,  there  are  no  changes 
in  temperature  fluctuations  in  the  step  recirculation  zone  at  5 
mm  downstream  with  45.1  percent  exit  blockage.  There  appear 
to  be  some  differences  for  the  two  flame  conditions  in  the 
shear  layers  (possibly  the  pilot  flame),  but  the  present  data  are 
not  sufficient  to  be  sure. 

Discussion 

The  long-term  intent  for  the  research  program,  of  which 
this  effort  is  but  a  part,  is  to  derive  calculation  procedures  for 
lean  blowout  in  gas  turbine  engine  combustors.  One  of  the 
calculation  procedures  being  developed  for  this  purpose  is  com¬ 
putational  fluid  dynamics  (CFD).  For  viability,  CFD  should 
be  able  to  provide  a  reasonable  simulation  of  the  real  physical 
behavior  involved  in  the  lean  blowout  process.  It  is  therefore 
required  that  significant  flame  events  in  the  blowout  process 
be  experimentally  identified  and  characterized.  The  attached, 
separated,  and  lifted  flames,  and  the  influence  of  combustor 
geometry  on  the  operational  conditions  under  which  these  are 
encountered,  hence  form  a  significant  part  of  the  data  base. 
The  ability  to  calculate  these  characteristics  will  form  a  critical 
test  of  the  efficacy  of  any  CFD  modeling  of  lean  blowout. 

The  research  combustor  exhibits  a  distinct  and  repeatable 
flame  pattern  change  as  it  blows  out  on  the  lean  side  (Fig.  5). 
There  are  similarities  in  the  flame  changes  for  both  rich  and 
lean  blowouts.  A  key  element  in  these  sequences  of  flame 
change  is  the  loss  of  the  thin,  sheathlike  pilot  flame  anchored 
at  the  outer  diameter  of  the  air  jet.  This  pilot  flame  serves  as 
a  continuous  ignition  source  for  the  main  flame  that  then 
originates  in  the  shear  layers  associated  with  the.  fuel  and  air 
jets,  and  the  recirculation  zones.  For  rich  blowouts,  loss  of 
the  pilot  flame  does  not  result  in  obvious  changes  in  the  main 
flame,  either  in  position  or  character.  It  tends  to  remain  con- 
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centrated  in  the  shear  layers.  However,  for  lean  blowouts,  loss 
of  the  pilot  flame  causes  the  main  flame  to  lift  to  a  downstream 
position.  This  clearly  allows  significant  premixing  of  reactants 
to  occur,  with  the  result  that  the  main  flame  in  its  lifted  position 
is  more  distributed  across  the  width  of  the  combustor.  Blowout 
in  the  separated  rich  flame  takes  place  suddenly;  in  the  lifted 
lean  flame,  blowout  is  preceded  by  the  onset  of  large-scale 
axial  oscillations  of  the  main  flame  about  its  mean  position 
(Fig.  5). 

The  flame  events  described  are  controlled  by  the  operating 
equivalence  ratio  of  the  combustor  (Figs.  5  and  10).  The  equiv¬ 
alence  ratios  at  which  flame  events  occur  are  modified  by  the 
existence  of  back-pressure  applied  at  the  exit  from  the  com¬ 
bustor  (Figs.  6-9).  The  sensitivity  of  the  event-equivalence 
ratios  to  the  exit  back-pressure  depends  on  the  combustor 
loading,  and  this  sensitivity  generally  increases  with  the  loading 
(Figs.  8  and  10). 

The  application  of  exit  back-pressure  to  the  research  com¬ 
bustor  exerts  a  favorable  influence  on  the  lean  blowout  (Fig. 
11).  At  fixed  combustor  loading,  the  effect  depends  on  the 
combustor  length-to-diameter  ratio.  When  acoustic  effects  and 
direct  loss  of  the  step  recirculation  zone  (Fig.  12)  are  eliminated 
through  use  of  an  appropriate  combustor  length,  the  changes 
in  blowout  due  to  exit  blockage  are  sensitive  to  combustor 
loading  (Figs.  1 1  and  13).  Predictably,  they  are  strongest  at 
high  loadings  approaching  the  peak  heat  release  rate  condition. 
At  low  combustor  loadings,  the  improvement  in  stability  due 
to  blockage  is  consistent  with  a  more  persistent  anchored  flame 
(Figs.  6  and  7),  but  conflicts  with  an  earlier  onset  of  large- 
scale  axial  movements  of  the  lifted  flame  (Fig.  8). 

The  presence  of  the  outlet  blockage  changes  the  isothermal 
flow  field  in  the  combustor  by  causing  acceleration  of  the  mean 
axial  velocities  about  the  centerline  (Figs.  3  and  4),  and  by 
introducing  an  additional  recirculation  zone  on  the  upstream 
face  of  the  orifice  plate  placed  at  the  combustor  exit.  Accel¬ 
eration  of  the  central  flow  is  evident  as  close  as  125  mm  down¬ 
stream  from  the  step  plane  (Fig.  3),  or,  at  an  L/D  of  0.83  in 
the  4.9  L/D  combustor  at  45.1  percent  blockage.  This  is  up¬ 
stream  of  the  reattachment  plane  for  the  step  recirculation, 
which  is  at  about  2.82  L/D  (Sturgess  et  al.,  1992a).  With  a 
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free  exit  in  isothermal  flow,  the  central  flow  decelerates  as  the 
fuel  and  air  jets  merge  and  expand  into  the  combustor  around 
the  step  recirculation  zone.  The  net  acceleration  that  results 
with  exit  blockage  represents  a  modification  of  the  shear  layers, 
and  thus,  flame  holding  in  these  shear  layers  can  be  expected 
to  be  changed. 

The  wall  static  pressure  measurements  in  the  step  recircu¬ 
lation  zone  show  that  combustion  suppresses  a  sensitivity  to 
jet  velocity  ratio  that  is  apparent  in  isothermal  flow  (Figs.  19 
and  21);  the  addition  of  exit  blockage  in  isothermal  flow  ex¬ 
ercises  a  similar  effect  (Fig.  20). 

With  combustion,  it  can  be  inferred  from  wall  thermocouple 
measurements  that  the  position  of  the  step  recirculation  zone 
reattachment  shifts  according  to  the  equivalence  ratio  (Fig. 
18).  For  lifted  flames,  the  dependency  on  equivalence  ratio  is 
modified  by  the  degree  of  outlet  blockage  (Fig.  18).  From  wall 
static  pressure  tap  measurements,  it  is  inferred  that  the  size  of 
the  orifice  plate  recirculation  is  also  influenced  by  combustion 
(Fig.  23).  For  a  lifted  flame  at  a  given  blockage,  the  movement 
of  these  two  stagnation  planes  with  equivalence  ratio  is  such 
that  a  constant  separation  between  them  exists  (Figs.  24  and 
25),  i.e,,  there  is  no  direct  interference.  When  the  attached 
pilot  flame  condition  is  established,  movement  of  the  step 
recirculation  zone  attachment  essentially  ceases  (Fig.  24).  How¬ 
ever,  the  orifice  recirculation  zone  continues  to  decrease  in  size 
(Fig.  24),  with  the  result  that  the  separation  between  stagnation 
planes  is  increased  (Fig.  25).  Therefore,  it  is  unlikely  that  the 
lean  blowout  improvement  with  exit  blockage  is  associated  with 
direct  modification  of  the  step  recirculation  zone. 

The  “quick-look"’  at  mean  gas  temperature  profiles  shows 
the  existence  of  the  pilot  flame  for  equivalence  ratios  when  it 
is  present  (attached  flame),  and  indicates  slightly  increased 
temperatures  in  the  step  recirculation  zone  and  on  the  com¬ 
bustor  centerline  in  the  near-field.  For  lifted  flames,  exit  block¬ 
age  exerts  its  greatest  effect  in  the  near-field  on  the  combustor 
centerline,  particularly  associated  with  the  small,  central  re¬ 
circulation  bubble;  there  is  little  effect  in  the  step  recirculation 
zone.  The  CARS  p.d.f.’s  confirm  earlier  findings  by  OH  emis¬ 
sion  and  TFP  measurements  that  the  pilot  flame  is  intermit¬ 
tently  present  even  when  direct  observations  indicate  that  it  is 
lost  and  the  main  flame  is  lifted. 

Fluctuating  gas  temperatures  along  the  combustor  centerline 
are  insensitive  to  exit  blockage  (Fig.  29);  however,  they  once 
again  confirm  the  strong  dynamic  nature  of  the  flow  associated 
with  the  central  recirculation  bubble  that  is  generated  by  en¬ 
trainment  of  the  central  fuel  jet  by  the  much  stronger  sur¬ 
rounding  annular  air  jet  (Sturgess  et  al.,  1992b).  In  the  near¬ 
field  (at  5  mm)  the  radial  profiles  of  fluctuating  temperature 
suggest  that  exit  blockage  is  a  dampening  effect,  only  slightly 
in  the  step  recirculation,  but  much  more  strongly  in  the  jet 
shear  layers  (Fig.  30). 

Back-pressuring  the  flame  (by  exit  blockage  in  this  case) 
exerts  a  powerful  stabilizing  effect  on  lean  blowout,  especially 
at  the  high  combustor  loadings  that  can  represent  critical  op¬ 
erating  conditions  for  military  aircraft.  Direct  action  of  back¬ 
pressure  on  the  step  recirculation  zone  does  not  seem  to  take 
place.  The  back-pressure  acts  most  strongly  on  the  initial  proc¬ 
esses  occurring  in  the  jet  shear  layers  by  modifying  their  tra¬ 
jectories  and  turbulence  characteristics.  These  initial  processes 
emerge  as  being  critical  to  the  overall  flame  stabilization, 
whether  the  main  flame  is  attached  or  lifted.  Evidence  is  build¬ 
ing  (here  and  in  earlier  work)  that  dynamic  behavior  of  the 
flow  in  the  near-field  can  control  the  combustion  process, 
perhaps  through  radical  changes  in  radial  mass  transport. 

The  present  results  confirm  that  future  attention  should  be 
directed  at  the  pilot  flame,  the  circumstances  of  its  existence, 
and  its  contribution  to  the  main  flame.  The  dynamic  inter¬ 
actions  of  the  central  recirculation  bubble  with  the  jet  shear 
layers  and  of  the  jet  shear  layers  with  the  step  recirculation 
zone  must  be  explored  in  detail,  and  characterized  if  possible. 


It  would  be  desirable  if  such  future  studies  could  include  a 
mass  transport  experiment,  and  time-resolved  flow  visualiza¬ 
tion  of  the  combustion  in  the  shear  layers. 

Conclusions 

1  Back-pressure  by  means  of  exit  blockage  does  exert 
an  effect  on  the  lean  blowout  characteristics  of  a  combustor. 
The  effect  is  weakest  at  low  combustor  loadings  near  the 
flammability  limits,  and  strongest  at  high  combustor  loadings 
near  the  peak  heat  release  rate.  Modification  of  the  effect 
occurs  with  changes  in  combustor  length-to-diameter  ratio. 

2  Direct  interference  effects  of  exit  blockage  on  the  step 
recirculation  zone  do  not  occur. 

3  The  major  effects  of  exit  blockage  on  lean  blowout  are 
due  to  changes  in  the  fuel  and  air  jet  shear  layers,  and  in  the 
interaction  of  this  shear  layer  with  the  step  recirculation  zone 
and  with  the  central  recirculation  bubble.  Dynamic  processes 
appear  to  play  a  significant  part  in  these  interactions. 

4  Future  experimental  work  should  concentrate  on  the  near¬ 
field  region,  the  dynamic  interactions  taking  place  there,  and 
the  circumstances  governing  the  existence  and  role  of  the  an¬ 
chored  flame. 

5  The  combustor  exhibits  consistent  and  well-characterized 
flame  behavior  that  depends  on  equivalence  ratio  and  exit 
blockage.  The  ability  to  represent  this  behavior  will  provide  a 
stringent  test  of  the  realism  of  any  numerical  modeling  (CFD) 
of  this  combustor. 
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1.  SUMMARY 

A  prime  requirement  in  the  design  of  a  modem  gas  turbine 
combustor  is  good  lean  blowout  (LBO)  stability  to  ensure  an 
adequate  stability  margin.  Therefore,  a  geometrically  simple, 
optically  accessible,  and  acoustically  decoupled  research 
combustor  was  designed  to  reproduce  the  gross  features  of 
the  flow  fleld  in  a  modem  annular  gas  turbine  combustor.  Its 
LBO  was  measured  using  methane  and  propane  fuels.  We 
successfully  observed  and  documented  a  systematic  and 
detailed  sequence  of  events  comprising  an  attached  flame,  a 
lifted  shear  flame,  an  intermittent  shear  flame,  the  large-scale 
instability  of  the  flame  front,  and  LBO.  Also,  for  the  sake  of 
comparison,  a  generic  gas  turbine  combustor  was  tested  and 
its  LBO  limits  were  measured. 

We  found  that  LBO  in  the  research  combustor  behaved  like  a 
perfectly  stirred  reactor  (PSR)  for  values  of  combustor¬ 
loading  spanning  three  orders  of  magnitude.  Also,  LBO  was 
successfully  correlated  using  a  simple  PSR  theory.  Hnally, 
Swithenbank’s  dissipation  gradient  approach  and  an  eddy 
dissipation  model  with  a  built-in  characteristic  extinction 
time  criterion,  when  coupled  with  CFD,  offer  the  possibility 
of  an  a  priori  calculation  of  LBO.  The  lean  stability  of  a 
generic  gas  turbine  combustor  at  peak  heat  release  rates  was 
less  than  that  in  a  research  combustor.  Also,  in  the  generic 
combustor,  the  flame  changes  from  a  lifted  to  an  attached 
position  depending  upon  how  combustor  loading  is  achieved. 
Due  to  such  complications,  modeling  of  the  LBO  process  that 
works  reasonably  well  with  the  research  combustor  will  be 
seriously  challenged  by  the  blowout  behavior  evidenced  in 
the  generic  gas  turbine  combustor. 

LIST  OF  SYMBOLS 
constant 

D  laminar  diffusion  coefficient 

E  activation  energy 

K  turbulent  kinetic  energy 

LBO  lean  blowout 

LP  loading  parameter 

L/D  length/diameter  ratio 

m  mass  flow  rate 

n  reaction  order 

P  pressure 

PSR  perfectly  stirred  reactor 

R  gas  constant 

Re  Reynolds  number 

S  species  source  term 


T  temperature 

V  combustion  volume 

x,y,z  radial,  transverse,  and  axial  distance  resp. 

e  turbulent  dissipation  rate 

^  equivalence  ratio 

V  kinematic  viscosity 

p  density 

a  Schmidt  number 

X  residence  time 

Subscripts 
a  air 

ext  extinction 

f  fuel 

o  oxygen 

nitj^2  nitrogen 
tot  total 

2.  INTRODUCTION 

A  prime  requirement  in  the  design  of  a  modem  gas  turbine 
combustor  is  good  combustion  stability,  especially  near  lean 
blowout  (LBO),  to  ensure  an  adequate  stability  margin.  For 
the  aircraft  engine,  combustor  blow-off  limits  are  encountered 
during  low  engine  speeds  at  high  altitudes  over  a  range  of 
combustor  air  loading  parameters.  This  is  illustrated  in  Fig. 
1  as  a  loss  in  the  operating  envelope.  It  is  the  task  of  the 
combustion  engineer  to  design  a  combustor  such  that  all  its 
steady-state  operating  points  lie  inside  the  envelope.  This 
envelope  should  be  extensive  enough  to  encompass  the 
under-  and  over-shoots  associated  with  the  different  response 
rates  to  the  throttle  movements  of  the  fuel  system  and  the 
rotating  machinery.  Further,  the  current  and  likely  future 
design  trends  towards  airblast  atomization,  high  temperature 
rise,  and  low  emissions  are  eroding  the  safety  margins.  For 
these  reasons,  the  U.S.  Air  Force  Wright  Laboratory,  Aero 
Propulsion  and  Power  Directorate  (WL/PO),  Wright- 
Patterson  Air  Force  Base,  Ohio  initiated  a  joint  Government, 
Industry,  and  University  research  program  to  understand  and 
model  LBO  in  aircraft  combustors.  This  paper  describes  the 
major  results  and  discusses  various  factors  that  influence 
LBO  in  research  and  practical  combustors. 

In  a  modem  annular  gas  turbine  combustor  (Elg.  2),  flame  is 
stabilized  by  producing  a  recirculation  zone  in  the  flow  field. 
This  zone  is  generated  by  a  combination  of  three 
mechanisms:  an  axial  swirling  air  jet  associated  with  each 
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Rg.  1:  Engine  operating  enveiope  superimposed 
on  the  combustor  stabiiity  loop,  illustrating  the 
stability  margins  at  blowout. 


Fig.  2:  Flow  pattern  in  a  modern  annular 
combustor. 

fuel  introduction,  sudden  expansion  of  the  axial  swirling  jets 
as  they  enter  the  primary  zone,  and  back  pressure  provided  by 
an  array  of  radial  air  jets  at  the  end  of  the  primary  zone.  To 
obtain  low  exhaust  emissions,  Pratt  &  Whitney  currently 
tailors  the  combustor  flow  control  mechanisms  to  produce  an 
"inside-out"  recirculation  pattern  (Fig.  2).  Therefore,  the 
research  combustor  was  required  to  reproduce  this  type  of 
recirculation  pattern.  At  the  same  time,  it  had  to  provide 
stable  combustion  over  a  reasonably  wide  variation  in  its 
loading,  be  geometrically  simple  for  ease  of  experimentation 
and  computation,  and  provide  adequate  optica]  access  for 
measurements. 

This  paper  discusses  fundamental  processes  in  the  near-field 
region  of  the  combustor  that  elucidate  how  LBO  occurs  in 
practical  combustors,  factors  relating  to  combustor  geometry 


(c.g.,  back  pressure)  and  operating  conditions  (c.g., 
equivalence  ratio,  fuel  and  air  velocity)  that  influence  LBO,  a 
map  of  flame  behavior  vs.  combustor  loading,  and  the 
application  of  reaction  rate  theory  to  the  coirelation  of  LBO 
results. 

3.  EXPERIMENTAL  WORK 

Research  Combustor:  We  designed  a  research  combustor  to 
simulate  three  main  features  of  the  flow  field  in  a  modem 
annular  gas  turbine  combustor,  (i)  a  reactive  shear  layer 
formed  between  fuel  and  air  jets,  (ii)  the  inside^out  type  df 
recirculation  zone,  and  (iii)  the  interaction  between  and  back- 
pressure  exerted  by  transverse  combustion  air  jets  and  axially 
directed  jets  of  fuel-air  mixture.  A  complete  description  of 
the  combustor  design  and  development  is  provided  by 
Sturgess  et  al.  [I]. 


Rg.  3:  Schematic  diagram  of  a  research 
combustor  for  LBO  studies. 

Fig.  3  shows  a  schematic  diagram  of  the  research  combustor. 
It  consists  of  a  27«mm  (i.d.)  central  fuel  tube  of  low-speed 
gaseous  propane  or  methane  surrounded  by  a  40-mm  (i.d.) 
high-speed  coaxial  air  jet  exhausting  into  a  dump  combustor. 
This  arrangement  produces  an  intense  reactive  shear  layer 
between  fuel  and  airstreams.  The  duct  is  closed  at  its 
forward  end  to  yield  a  55-mm-higb,  backward-facing  step. 
This  step  provides  an  inside-out  recirculation  zone  which 
feeds  high-temperature  combustion  products  into  the  shear 
layer  and  thus  provides  a  source  of  continuous  ignition  to 
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stabilize  the  flame.  A  perforated  conical  baffle  inserted  five 
diameters  upstream  of  the  fuel  tube  serves  to  acoustically 
isolate  the  fuel  supply  from  the  combustion  process.  As 
shown  in  Fig.  3,  the  step  combustor  is  mounted  vertically  on 
a  small  wind  tunnel.  The  combustor  duct  is  comprised  of  two 
separate  sections.  The  first  section  holds  optical  quartz 
windows  (or  metal  panels  with  thermocouples  and  static 
pressure  tappings  for  wall  temperature  and  pressure 
measurements,  respectively)  on  all  four  sides;  the  second  one 
is  a  250-mm  extension  inconel  chimney.  The  chimney  exit  is 
blocked  with  an  orifice  plate  which  simulates  the  back¬ 
pressure  effect  of  a  practical  combustor.  The  combustor  has  a 
hydraulic  mean  diameter  of  150  mm,  is  475  mm  long,  and 
has  an  exit  orifice  blockage  of  21%,  45%,  or  62%.  The 
combination  of  combustor  and  its  extension  chimney  yields 
(L/D)  ratios  of  3.17, 4.9,  and  6.5,  respectively. 

Test  Conditions:  The  combustion  laboratory  provides 
gaseous  propane  anane  fuels  up  to  20  Kg/hr.  Both  fuelstream 
(Re  =  1,733  to  17,333)  and  airstream  (Re  =  7,233  to  72,322) 
were  monitored  to  within  1.5%.  Ignition  of  the  combustor 
was  satisfactorily  accomplished  using  a  retractable  torch 
igniter.  As  the  LBO  condition  was  approached,  the  attached 
diffusion  flame  lifted  from  the  fuel  tube  and  was  stabilized 
slightly  downstream.  This  was  the  region  of  most  interest 
and  relevance  to  the  present  study. 

Instrumentation:  A  three-component  LDA  system  for 

velocity  measurements  and  a  CARS  system  for  flame- 
temperature  measurements  were  used.  The  optical  window 
size  permitted  data  acquisition  in  the  range  x  =  -70  to  +  70 
mm,  y  =  -33  to  +33  nun,  and  z  =  2  to  360  mm. 

The  LDA  uses  the  green  (514.5  nm)  and  blue  (488  nm)  lines 
of  a  15  W  Argon-ion  laser  as  a  source;  two  measurement 
channels  were  separated  by  polarization  while  a  third  uses 
the  blue  beam.  The  scattered  signals  were  collected  in  a 
forward  direction  at  10  degrees  off  axis.  The  effective  probe 
volume  was  50  x  300  x  750  |im,  the  Bragg  cell  frequency 
shift  was  5  MHz,  and  AI2O3  seed  particles  were  used.  After 
allowing  for  seed  biasing,  the  measurement  uncertainty  in 
mean  velocity  was  1%,  in  rms  velocity  it  was  5%,  and  in 
skewness  and  kurtosis  it  was  7%. 

The  CARS  system  employed  a  BOXCARS  configuration. 
Here,  the  frequency-doubled  source  green  beam  (532  nm) 
was  split  into  four  beams.  A  25-x-250-p.m  measuring  spot 
size  was  achieved.  The  CARS  temperatures  were 
determined,  sec  Heneghan  ct  al.,  [2],  by  applying  the 
principle  of  local  thermodynamic  equilibrium.  Usually,  500 
samples  were  taken  for  each  CARS  measurement.  It  was 
estimated  that  the  overall  CARS  mean  temperature 
measurement  accuracy  is  within  50K,  while  the  precision  is 
well  within  20K.  Unlike  the  LDA,  the  CARS  measurements 
are  time-averaged  without  density-biasing  effects. 

4,  RESULTS 

Acoustic  Decoupling:  Combustion -induced  acoustic 

oscillations  can  severely  limit  the  operating  range  of  some 
practical  combustors-especially  parallel-wall  duct 


combustors.  The  acoustic  characteristics  of  this  research 
combustor  were  investigated  because  it  was  feared  that  eddy- 
shedding  off  the  step  might  satisfy  the  Rayleigh  criterion, 
which,  in  turn,  could  set  up  resonance  in  the  combustor  and 
fuel  supply  tube.  Heneghan  et  al.  [3]  have  described  the 
results  of  this  investigation  in  detail.  It  was  found  that  an 
acoustic  isolator  in  the  fuel  tube  and  an  air  inlet  convergence 
that  eliminated  vortex  generation  at  the  inlet  significantly 
decrease  acoustic  coupling.  Hnally,  a  research  step 
combustor  with  an  L/D  =  4.9  and  fitted  with  an  orifice  plate 
with  a  blockage  ratio  =  0.45  provided  the  best  combination  oi 
LBO  and  freedom  finm  acoustic  coupling. 

Isothermal  Flow  Field:  Next,  we  measured  the  isothermal 
flow  field  in  the  combustor  corresponding  to  the  fuel  and  air- 
jet  velocity  ratios  at  the  combustor  blowout  conditions.  This 
investigation  is  described  by  Sturgess  et  al.  (4].  Fig.  4  shows 
a  typical  result.  The  LDA  measurements  revealed  the 
presence  of  the  primary  zone  flow  features  (i.e.,  a  near-field 
region  comprising  the  jet  shear  layer  and  a  small,  central 
recirculation  zone  generated  by  the  large  momentum  ratio 
between  the  fuel  and  the  air  jets;  an  outer  recirculation  zone 
stabilized  on  the  step;  and  the  far-field  region,  in  which  the 
individual  jets  lose  their  identity  and  exhibit  self-similarity). 


Oownstreom  Distance,  z  mm 


Rg.  4:  Isothermal  flow  field  results  illustrating  the 
near-field  region,  recirculation  zones,  and  the  far- 
field  region;  (■,  A,  T-mean  axial  velocHy,  □,  O- 
turbulence  Intensities,  and  A-max.  velocity 
gradient). 

Flame  Visualization:  Fig.  5  illustrates  the  sequence  of 
events  leading  to  LBO.  As  the  overall  equivalence  ratio  was 
reduced  below  unity,  the  attached  flame  moved  further 
downstream  into  the  combustor  in  a  characteristic  lifted- 
flame  position  and  form.  Continuing  reduction  in  the 
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equivalence  ratio  produces  an  onset  of  flow  instability  in  the 
lifted  flame,  an  increase  in  the  amplitude  of  the  instability, 
the  onset  of  intennittency,  severe  intermittency,  and.  Anally, 
the  onset  of  strong  axial  flame  instability.  This  sequence 
clearly  highlights  the  complexity  of  the  LBO  mechanism  in  a 
modem  annular  gas  turbine  combustor. 
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Fig.  5:  Sequence  of  events  leading  to  LBO  as 
observed  by  flame  visualization. 


Nitrogen/Fuel  Mass  Rotio 


Fig.  6:  Calibration  curves  for  simulating 
subatmospheric  pressure  by  using  nitrogen 
dilution. 


In  our  research  combustor,  the  piloting  action  of  the  flame  in 
the  jet  shear  layers  by  the  attached  flame  at  the  step  appears 
to  be  crucial  to  combustor  stability.  Thus,  successful 
modeling  of  the  combustor  stability  requires  the  prediction  of 
the  attached  flame  and  its  lift  The  OH  images  of  the 
attached  flame,  see  Sturgess  et  al.,  [5],  show  that  its  structure 
at  any  given  time  is  associated  with  local  vortices  shed  from 
the  inner  edge  of  the  combustor  step.  Also,  the  instantaneous 
OH  images  reveal  that  combustion  takes  place  in  a  more 
distributed  form  via  relatively  large  "packets"  of  reaction. 
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Lean  Blowout:  We  measured  LBO  as  a  function  of  air 
loading  parameter  (LP)  over  a  range  of  propane  fuel  flows. 
However,  this  did  not  yield  a  complete  combustor  stability 
loop.  To  achieve  a  wide  variation  in  LP  with  the  simple 
atmospheric  pressure  research  combustor,  a  subatmospheric 
pressure  simulation  was  used.  As  explained  in  Ref.  [6], 
excess  gaseous  nitrogen  was  introduced  into  the  air  supply 
upstream  of  the  combustor  as  a  diluent  to  lower  the 
concentration  of  reactants  and/or  reaction  temperature  by 
virtue  of  its  heat  capacity.  Fig.  6  illustrates  a  calibrated 
relationship  between  equivalent  pressure  and  (nitrogen/fuel) 
mass  ratio  at  blowout  in  the  research  combustor.  This 
technique  permitted  (i)  the  simulation  of  subatmospheric 
pressure  as  low  as  0.1  atm,  (ii)  the  completion  of  the 
combustor  stability  loop  (ranging  from  ^  =  0.5  to  0.9),  and 
(iii)  increased  LP  by  two  orders  of  magnitude. 

Fig.  7  shows  the  LBO  performance  of  our  research  combustor 
and  stability  loops  for  several  well-stirred  reactors  from  the 


Fig.  7:  LBO  vs.  LP  data  for  the  research 
combustor  showing  a  comparison  between  the 
measured  and  the  predicted  results. 

literature,  as  well  as  two  partial  loops  for  practical  gas 
turbine  combustors.  For  these  results,  the  standard  LP  was 
derived  from  the  global  reaction  rate  theory,  but  modifled  to 
include  the  effects  of  inert  excess  nitrogen; 


LP  =  mtot/(VP"). 

(1) 

mtQt  =  mf  +  m^  + 

(2) 

and 

n  =  2  0  LBO  «nnit/®a)- 

(3) 

The  trend  of  LBO  vs.  air  loading  shown  in  Fig.  7  is  very 
similar  to  that  found  for  a  perfectly  stirred  reactor  (PSR);  the 
latter  approaching  the  characteristics  of  a  future  generation  of 
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ideal  premixed,  prevaporized,  near-stoicbiometric 
combustors.  Thus,  it  is  reasonable  to  conclude  that  our 
research  combustor  correctly  reproduced  the  LBO  processes 
of  a  real  gas  turbine  combustor.  Also  plotted  in  this  figure 
are  results  for  a  gas  turbine  combustor  fitted  with  a  vaporizer 
tube  and  another  one  fitted  with  a  strongly  swirling 
prefilming  airblast  atomizer.  In  addition  to  their  different 
fuel  injection  patterns,  these  two  combustors  bad  completely 
different  flow  fields  (as  compared  to  the  combustor  of  Fig.  1) 
due  to  their  different  shapes,  method  of  fuel  introduction,  and 
liner  hole  patterns.  These  results  clearly  suggest  that  a 
simple  and  general  correlation  for  LBO  is  not  possible. 
However,  as  will  be  shown  later,  direct  calculation  for  each 
combustor  offers  the  only  possibility  of  making  reliable  a 
priori  estimates  of  stability  in  gas  turbine  combustors. 

To  simulate  the  presence  of  dilution  air  jets,  we  investigated 
the  effects  of  back  pressure  on  the  LBO  in  our  research 
combustor.  These  results  are  discussed  in  detail  in  Ref.  [7];  a 
typical  result  is  presented  in  Bg.  8.  As  seen  in  the  figure, 
LBO  was  improved  by  increasing  the  exit  blockage. 
However,  we  found  that  (see  Ref.  7)  above  a  blockage  of 
45%,  (i)  significant  interference  occurs  between  the  outlet 
and  the  combustor  flame  holding,  and  (ii)  LBO  does  not 
improve  much.  Thus,  we  concluded  that  an  exit  blockage  of 
45  percent  provides  the  best  combustion  stability  and  optimal 
configuration  (i.e.,  for  a  combustor  of  exit  blockage  =  45 
percent  and  L/D  =  4.9,  the  LBOs  were  virtually  independent 
of  blockage  and  acoustic  coupling).  For  a  lightly  loaded 
combustor  (near  the  flammability  limits),  exit  blockage  exerts 
a  weak  influence  on  LBO,  primarily  through  its  effect  on  the 
jet  and  the  recirculation  zone  shear  layers.  For  high 
combustor  loadings  (near  the  peak  heat  release  rate),  exit 
blockage  had  a  strong  effect  on  the  LBO  via  the  dynamic 
behavior  of  the  flow  in  the  near>field  (especially  the 
interaction  of  the  central  recirculation  bubble  with  the  jet 
shear  layers)  and  of  the  jet  shear  layers  with  the  step 
recirculation  zone. 

5.  ANALYSIS 

Complete  calculation  of  stability  by  using  the  CFD 
techniques  to  define  the  combustor  flow  field  locally  is  not  a 
viable  approach.  LBO  is  dominated  by  the  kinetics  of 
chemical  reaction;  therefore,  CFD  calculations  of  a  large 
number  of  chemical  reactions  would  be  required  to  yield  the 
correct  heat  release.  For  example,  for  hydrocarbon  fuels,  a 
general  transport  equation  of  the  form, 

a/dxj  <  p  Uj  mp  id  m/axj))  =  Sjn  (4) 

where  i  denotes  chemical  species,  m^  is  the  mass  fraction  of  i, 
and  Sjjj  is  a  species  source  term,  would  have  to  be  solved  for 
each  species.  The  computational  burden  of  doing  so  is 
presently  unacceptable  in  the  context  of  the  complicated  flow 
field  and  confining  boundaries  of  the  real  gas  turbine 
combustor.  Therefore,  the  chemistry  was  uncoupled  from  the 
fluid  dynamics  and  analysis  of  LBO  was  addressed  at  three 
levels  of  increasing  difficulty: 


1.  characteristic  time  modeling  based  on  a 

phenomenological  approach,  with  CFD  providing  local 
flow  properties, 

2.  stirred  reactor  network  modeling  established  on  the 
basis  of  CFD  analysis  of  the  flow  field,  and 

3.  subgrid-level  stirred  reactor  modeling  using  reactor 
extinction  criteria  based  on  the  characteristic  time  model 
(1)  above. 


Fig.  8:  Influence  of  exit  blockage  on  LBO  at  low 
and  high  combustor-loadings. 


Characteristic  Time  Approach:  This  approach  is  based  on 
the  reaction-quench  model  which  assumes  that,  at  LBO, 
flame  propagation  will  cease  when  the  rate  of  mixing 
between  small  turbulent  eddies  of  cold  reactants  and  hot 
products  is  greater  than  the  local  chemical  reaction  rate.  This 
quenching  criteria  finds  its  origin  in  the  work  of  Lockwood 
and  Megahed  [8]  and  yields: 

13{D  +  C^k2/Oj  e)/v{  1  +  Siy(Ev)0-25)>i.o  (5) 

where  D  is  the  laminar  diffusion  coefficient,  K  is  the  kinetic 
energy  of  turbulence,  e  is  the  dissipation  rate,  C^  is  a 

constant,  Oj  is  the  turbulent  Schmidt  number,  and  Sl  is  the 
laminar  flame  speed. 

Since  the  quenching  criterion  requires  turbulence  parameters 
for  evaluation,  isothermal  flow  CFD  calculations  were 
performed  to  provide  this  information  at  each  grid  node. 
Quenching  was  examined  on  a  point-by-point  basis  to 
ascertain  if  any  part  of  the  flow  field  could  support 
combustion.  Further,  two  additional  conditions  were 
imposed;  (i)  local  fuel/air  ratio  must  be  within  the 
flammability  limits,  and  (ii)  local  mean  velocities  should  be 
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less  than  or  equal  to  turbulent  burning  velocity.  In  a 
somewhat  limited  evaluation,  Eq.  (5)  showed  promise  in  the 
step  combustor  in  delineating  between  operating  conditions 
where  combustion  was  possible  and  where  it  was  not. 
Eventually,  this  approach  provided  the  reactor  extinction 
criteria  for  the  subgrid-level  stirred  reactor  modeling. 
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such  calculations  since  only  the  thermochemical  limits  to 
combustion  can  be  determined. 

Subgrid  Scale  Reactor  Modeling:  The  eddy  dissipation 
concept  (EDC)  of  Byggstoyl  and  Magnussen  [11]  represents  a 
general  model  for  chemical  reaction  in  turbulent  flow.  In  the 
EDC  model,  the  reactants  are  homogeneously  mixed  within 
the  fine  structure  (Kolmogoroff  eddies)  of  turbulence; 
therefore,  these  fine  structures  can  be  treated  as  PSRs.  If  the 
volume  and  the  mass  exchange  rate  between  the  reactors  and 
the  surrounding  fluid  are  known,  chemical  reactions 
occurring  within  the  PSRs  can  be  calculated  using  a  system  of 
equations.  Since  the  Kolmogoroff  scale  is  always  less  than 
the  CFD  grid  size,  the  modeling  represents  a  subgrid  scale 
approach.  In  contrast  to  the  characteristic  time  analysis  and 
local  stirred  reactor  modeling,  this  approach  tests  the 
individual  reactor  stability  within  the  CFD  calculations. 
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Fig.  9:  A  typical  simulation  of  a  combustor 
primary  zone  using  the  PSR  network. 

Local  Stirred  Reactor  Modeling:  In  this  approach,  the 
combustor  volume  is  represented  by  an  equivalent  global 
stirred  reactor  network.  This  enables  the  calculation  of 
stability  from  thermo-chcmistiy  considerations.  We  applied 
Swithenbank's  [9]  dissipation  gradient  approach  for  denning 
PSR  regions  in  the  combustor.  Fig.  9  shows  a  typical  reactor 
netwoik  that  simulates  the  generic  combustor  primary  zone. 
To  establish  such  a  global  reactor  network,  considerable  and 
careful  post-processing  of  a  CFD  solution  for  the  generic 
combustor  was  performed.  Flow  structures  were  identified 
by  visualization,  connectivity  and  local  mass  flow  rates  were 
assigned,  and  flow  topology  mapping  techniques,  e.g..  Ref. 
[10],  were  used.  Based  on  the  Swithenbank  approach  [9],  a 
rapid  mixing  region  of  the  combustor  was  established  from 
CFD  calculations.  This  region  was  defined  as  the  volume 
contained  within  a  surface  contour  containing  96%  of  the 
turbulence  kinetic  energy  and  99%  of  its  dissipation  rate,  and 
over  which  the  total  dissipation  gradient  was  not  less  than  ten 
times  the  minimum  value  recommended  by  Swithenbank. 
From  within  this  rapid-mixing  region,  a  PSR  volume  was 
defined  by  super-imposing  an  additional  space  encompassing 
fuel/air  mixtures  falling  inside  the  flammability  limits  for 
propane  and  air.  For  the  research  combustor,  the  resulting 
reactor  was  44%  of  the  combustor  volume  and  corresponded 
reasonably  well  to  the  lifted  flame  observed  in  the  real 
combustor.  As  shown  in  Ref.  [6],  good  agreement  was  found 
between  predictions  and  experiments  for  the  research 
combustor. 

Thus,  netwoiks  of  stirred  reactors,  particularly  when 
established  from  CFD  calculations,  appear  to  offer 
possibilities  for  calculating  limiting  LBO  performance. 
However,  care  may  be  needed  in  interpreting  the  results  of 


Use  of  full  or  even  reduced  chemical  kinetics  imposes  a  high 
cost  on  the  calculations.  Therefore,  an  alternative  approach 
was  to  assume  a  one-step,  irreversible  reaction  step  and/or 
fast  chemistry,  then  use  a  local  quenching  criterion.  The 
validity  of  the  calibrated,  global,  single-step  reaction 
mechanism  approach  was  tested  by  comparing  it  to  the  data 
of  Kretschmer  and  Odgers  [12]  and  Clarke  et  al.  [13].  Also, 
an  extinction  residence  time  was  defmed  as  =  (p 

/m  where  m  is  the  total  inlet  mass  flow  rate  per  unit 

volume  of  the  reactor.  Thus,  when  reactions 

occur,  the  hydrodynamic  residence  time  in  the  fine  scales  can 
be  related  to  the  bulk  fluid  through  the  mass  fraction  of  fine 
structures  present  in  the  flow.  This  characteristic  time 
approach  to  LBO  within  the  EDC  model  was  implemented 
with  fast  chemistiy  for  propane-air  combustion  and  tested  for 
an  attached  flame  at  fuel-rich  conditions. 

The  axisymmetric  CFD  calculations  were  made  using  the 
Pratt  and  Whitney  two-dimensional  PREACH  code.  Three 
constraints  were  applied  on  the  chemical  reaction;  (i)  the 
EDC  model  with  characteristic  time-based  extinction 
criterion  was  implemented,  (ii)  the  local  mixture  should  be 
within  flammability  limits  (lean  ^  =  0.2  or  0.5  depending 
upon  reactant  temperature  and  upper  ^  to  2.0),  and  (iii) 
turbulence  effects  on  the  flame  burning  velocity.  Fig.  10 
shows  typical  calculated  isotherms  for  what  should  be  the 
attached-flame  condition.  These  results  show  that  the 
stoichiometric  contour  crosses  the  step  recirculation  zone 
from  the  confluence  of  the  jets  and  reaches  the  combustor 
wall  about  halfway  between  the  step  and  the  recirculation 
reattachment  plane.  We  can  infer  from  these  temperature 
contours  that  the  main  flame  exists  in  the  jet  shear  layers  and 
originates  about  10  cm  from  the  step-plane  (i.e.,  it  is  lifted 
and  not  attached).  It  is  thick  and  follows  the  stoichiometric 
contour  across  the  recirculation  zone.  There  is  some 
agreement  between  the  characteristics  of  the  inferred  flame 
and  the  actual  flame  observed  in  the  time-mean  photographs 
and  in  the  near-instantaneous  pictures  of  laser-induced  OH 
fluorescence  where  concentrated  islands  of  reaction  in  the  jet 
shear  layer  thicken  the  flame  region.  However,  it  was  found 
that  this  model  calculated  the  lifted-flame  condition  but  was 
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Fig.  10:  Isotherms  (curve  values  In  degrees  K) 
calculated  using  the  EDC  model  for  the  attached- 
flame  conditions  In  a  research  combustor 


Fig.  11:  Schematic  diagram  illustrating  the  design 
features  of  the  generic  gas  turbine  combustor. 

unsuccessful  in  predicting  the  all-important  attached-flame 
condition.  Summarizing: 

(a)  A  research  step  combustor  was  successfully  developed.  It 
produced  three  important  features  of  the  flow  field  that  affect 
LBO  in  a  practical  combustor,  (i)  a  reactive  shear  layer  at  the 
exit  to  the  fuel  nozzle,  (ii)  inside-out  recirculation  zones,  and 
(iii)  back  pressure  provided  by  dilution  air  jets. 

(b)  The  step  combustor  acoustic  characteristics  were 
optimized;  this  permitted  its  operation  in  a  stable  and 


predictable  manner,  A  deUiled  sequence  of  events  leading  to 
LBO  and  comprising  the  attached-flame  region,  lifted  shear 
flame,  intermittent  shear  flame,  and  the  large-scale  instability 
of  the  flame  front  was  observed. 

(c)  The  combustor  flow-field  measurements  revealed  three 
regions:  near-field,  step-recirculation,  and  far-ficld  regions. 

In  these  regions,  the  turbulent  fuel-air  mixing  and 
entrainment  were  governed  by  a  potential  core,  a  central 
recirculation  bubble,  and  a  self-similar  jet  development, 
respectively. 

(d)  The  LBO  process  =  0.4  to  1.2)  in  the  step  combustor 
behaved  like  a  PSR  for  LP  values  in  the  range  of  0.1  to  100 
Ib/s-ft^-atm^.  Also,  the  LBO  was  successfully  correlated 
with  a  standard  LP  derived  from  the  PSR  theory.  Finally, 
Swithenbank’s  [9]  dissipation  gradient  approach  and  an  EDC 
model  (Ref.  11)  with  a  built-in  characteristic  extinction  time 
criterion  offer  the  possibility  of  an  a  priori  calculation  of 
LBO. 

6,  GENERIC  GAS  TURBINE  COMBUSTOR 
A  final  test  of  this  research  and  modeling  effort  is  to  be  able 
to  predict  LBO  in  an  actual  gas  turbine  combustor.  To 
perform  such  a  test,  a  generic  gas  turbine  combustor  was 
designed  with  three  special  requirements;  (i)  its  LBO 
performance  should  be  consistent  with  that  of  an  actual  gas 
turbine  combustor,  (ii)  its  geometric  configuration  and  flow 
distribution  should  be  variable  so  that  the  effects  of  residence 
time  and  mixture  ratio  on  the  LBO  can  be  studied,  and  (iii) 
good  optical  access  should  be  available  for  desceming  the 
flow  field  and  combustion  zone. 

Fig,  11  shows  a  schematic  of  a  Pratt  and  Whitney  designed 
generic  combustor  which  is  a  four-injector,  planar-section, 
simplified  geometry  version  of  a  modem  Pratt  and  Whitney 
annular  combustor  sector.  This  sector  employs  airblast- 
atomizing  fuel  injectors,  an  engine-type  injector/dome 
interface,  and  the  ’’inside-out’*  recirculation  zones.  The 
liners,  upper  and  lower,  are  removable  and  may  contain  any 
desired  pattern  of  air  ports.  The  metal  liners  do  not  have  any 
specific  internal  film  cooling  but  arc  provided  with  a  thermal- 
barrier  coating  ^d  arc  convectivcly  cooled  by  the  shroud 
flows.  Ignition  is  accomplished  by  means  of  a  hydrogen  torch 
ignitor.  Individually  metered  air  is  supplied  to  the  dome  and 
upper  and  lower  shrouds,  provisions  arc  made  to  supply 
gaseous  nitrogen  for  subatmoshcric  pressure  simulation,  and, 
finally,  fuel  can  be  either  propane  or  methane.  This 
combustor  is  designed  to  operate  at  65  psia  with  a  variation 
in  dome  air  from  10%  to  40%  of  the  total  combustor  air  flow. 
The  facility  in  which  the  combustor  is  installed  is  capable  of 
supplying  air  up  to  30  Ibs/sec  at  ambient  temperature  and 
fuels  up  to  30  Ibs/hr.  Finally,  side  walls  made  of  fused 
quartz  and  contained  in  water-cooled  housings  arc  provided 
for  flow  visualization.  Sturgess  and  Shouse  [14]  have 
provided  a  detailed  description  of  the  construction,  operation, 
and  LBO  tests  on  this  combustor. 

Fig.  12  illustrates  the  primary  zone  stability  (LBO)  of  the 
generic  combustor  with  lifted  and  attached  flames  against  the 
LBO  data  obtained  from  the  research  combustor  as  well  as 


the  predictions  for  the  research  combustor.  The  generic 
combustor  data  were  obtained  for  the  10%,  15%,  and  20% 
dome  flow.  Since  the  flames  near  blowout  in  the  research 
combustor  were  all  lifted,  the  partial  premixing  characteristic 
of  the  lifted  flames  in  both  combustors  should  be  similar. 
The  LBO  stability  of  the  generic  combustor  at  peak  heat 
release  rates  appears  to  be  less  than  that  of  the  research 
combustor.  One  likely  reason  may  be  the  different  fiiel-air 
mixing  rates  in  the  generic  combustor. 


7.  CONCLUSIONS 

Following  is  the  summary  and  conclusions  of  our  research. 

1.  A  geometricaUy  simple,  optically  accessible,  and 
acoustically  decoupled  research  combustor  to  reproduce 
the  gross  features  of  the  flow  Held  in  a  modem  annular 
gas  turbine  combustor  was  designed  and  its  LBO  was 
measured. 

2.  We  successfully  observed  and  documented  a  systematic 
and  detailed  sequence  of  events  comprising  an  attached- 
flame,  lifted  shear  flame,  intermittent  shear  flame,  large- 
scale  instability  of  the  flame  front,  and  the  LBO.  These 
individual  events  clearly  highlight  the  complexity  of  the 
LBO  mechanism. 

3.  Simple  phenomenological  correlation  based  on  PSR 
theory  was  successful.  The  LBO  process  =  0.4  to  1.2) 
in  the  research  combustor  behaved  like  a  PSR  for  LP 
values  in  the  range  of  0.1  to  100  Ib/s-ft^-atm^.  Also,  the 
LBO  was  successfully  correlated  with  a  standard  LP 
derived  from  the  PSR  theory.  Finally,  Swithenbank's  [9] 
dissipation  gradient  approach  and  an  EDC  model  (Ref. 
11)  with  a  built-in  characteristic  extinction  time 
criterion  offer  the  possibility  of  an  a  priori  LBO 
calculation. 
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Rg.  12:  LBO  vs.  LP  data  for  the  generic  gas  turbine 
combustor  operating  in  the  lifted-  and  attached- 
flame  modes  compared  with  data  for  the  research 
combustor. 

It  appears  that  the  gross  features  of  the  LBO  can  be 
successfully  correlated  by  the  combustor-loading  parameter 
based  on  the  PSR  approach  for  a  specific  combustor. 
However,  a  simple  phenomenological  correlation  is  unlikely 
to  explain  the  details  of  the  LBO  process.  For  example,  the 
LBO  process  at  simulated  low  pressures  is  rather  complicated 
in  a  generic  combustor.  It  contains  quasi-staging  of  fuel  as 
the  loading  increases  with  subsequent  flame  stabilization  by 
the  combustion  air  jets  as  well  as  the  primary  zone.  When  jet 
stabilization  exists,  LBO  is  insensitive  to  dome  airflow  and 
vice  versa.  Finally,  the  flame  changes  from  a  lifted  to  an 
attached  position  and,  at  a  given  loading,  either  flame  can 
exist  depending  on  how  combustor-loading  is  achieved.  Due 
to  such  complications,  correlations  of  experimental  data 
cannot  be  general  enough  to  form  a  unique  design  curve 
which  can  determine  the  LBO  stability  margin  of  a  practical 
gas  turbine  combustor.  Thus,  modeling  of  the  LBO  process, 
which  works  reasonably  well  with  the  research  combustor, 
will  be  seriously  challenged  by  the  blowout  behavior 
evidenced  in  the  generic  gas  turbine  combustor. 


4.  LBO  stability  at  peak  heat  release  rates  in  a  generic  gas 
turbine  combustor  was  less  than  in  the  research 
combustor.  Also,  the  flame  changes  from  a  lifted  to  an 
attached  position  and,  at  a  given  loading  either  flame 
can  exist  depending  on  how  combustor-loading  is 
achieved.  Due  to  such  complications,  it  was  not  possible 
to  uniquely  determine  the  LBO  stability  margin  of  a 
practical  gas  turbine  combustor.  Thus,  modeling  of  the 
LBO  process,  which  works  reasonably  well  with  the 
research  combustor,  will  be  seriously  challenged  by  the 
blowout  behavior  evidenced  in  the  generic  gas  turbine 
combustor. 
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Discussion 


Question  1.  D.K.  Hennecke 

In  the  experiments,  you  did  not  simulate  the  cooling  films.  Don’t  you  think  that  they  would  influence  the  size  and  shape  of  the 
‘Inside  out”  vortex  as  the  films  flow  against  the  vortex  flow? 

Author’s  Reply  „  •  u 

The  influence  of  the  cooling  film  on  the  size  and  shape  of  the  *lnside  out”  recirculation  zone  is  negligibly  small.  This  is  because  m 
modem  annular  combustors  the  cooling  air  film  is  pretty  much  confined  to  the  wall  boundary  layer.  Also,  the  mass  ^d 
momentum  of  the  “inside  out”  recirculation  zone  is  perhaps  two  orders  of  magnitude  (or  more)  greater  than  that  of  the  cooling 
film.  Therefore,  the  cooling  film,  at  best,  causes  only  a  minor  perturbation  of  the  “inside  out”  vortex  flow.  For  this  reason,  it  was 
not  considered  worthwhile  to  add  complexity  of  simulating  the  cooling  film  in  the  research  combustor  hardware. 


178 


APPENDIX  M 

Sooting  Correlations  for  Premixed  Combustion 
Fumiaki  Takahashi 


179 


Phyxical  and  Chfmicat  Aspfctx  tif  Comhuxtion:  A  Trihiitr  to  Irvin  GUuxmon  (R.  F.  S«wycr  and  F.  L  Dryer, 
eds.).  Combustion  Science  and  Technology  Book  Scries.  VoL  4.  Gordon  and  Breach  Sciences  Fublishen. 
Amsterdam.  The  Netherlands.  1997 


7 

Sooting  Correlations 
for  Premixed  Combustion 

Fiimiaki  Takahashi 

University  of  Dayton  Research  Institute,  300  College  Park, 

Dayton,  OH  45469. 

Soot  threshold  data  in  the  literature  for  hydrocarbon-air  premixed  combustion 
systems  (including  Bunsen-type  burners,  Meker-lype  multitubular  burners, 
and  well-stirred  reactors)  under  'atmospheric  pressure  have  been  analyzed 
statistically.  The  conventional  equivalence  ratio  at  sooting  (^c)  for  both 
Meker-type  burner  flames  and  well-stirred  reactors  is  approximately  15 
percent  larger  (on  average)  than  that  for  laminar  Bunsen  flames  because  of 
backmixing.  Although  the  effective  equivalence  ratio  at  sooting  (^J  (for  which 
carbon  monoxide  and  water  vapor  are  considered  to  be  the  combustion 
products)  correlates  well  with  the  number  of  C-C  bonds  of  the  fuel  molecule 
(compared  to  other  single-parameter  correlations),  discrimination  between 
aliphatics  and  aromatics  is  relatively  weak.  The  carbon-lo-oxygen  ratio  at 
sooting  (C/0)e  is  nearly  constant  for  alkanes,  but  for  alkenes  and  aJkynes  it 
strongly  correlates  to  the  adiabatic  flame  temperature  {T(  at  ^=1.5).  The 
number  density  of  carbon  atoms  (in  the  hot  products)  at  sooting  is  practically 
constant  for  each  combustion  system  within  experimental  uncertainties  and 
almost  independent  of  homologous  series;  thus,  the  fuel  structure  and  the 
reaction-zone  mode  are  insignificant  in  soot  threshold.  A  multiple  linear- 
regression  analysis  shows  that  the  oxygen-to-fuel  molar  ratio  of  the  mixture  at 
sooting  correlates  remarkably  well  (the  coefheient  of  determination:  r*  =  0.988) 
with  the  fuePs  predeterminable  parameters,  including  the  carbon  number,  C/H 
ratio,  heat  of  formation,  Tf  at  1.5,  and  averaged-distance-sum  connectivity 
index. 
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1.  INTRODUCTION 

The  emission  of  carbonaceous  particulates  from  practical  combustion 
systems  (such  as  industrial  furnaces,  diesel,  and  gas-turbine  engine 
combustors)  and  fires  (including  oil-well  and  forest  fires)  may  exert  a 
significant  impact  on  the  environment  and  human  health.  In  such 
combustors,  the  soot  deposition  has  negative  consequences  in  the 
maintenance  and  efficiency  of  the  device.  TTie  emission  of  smoke  from 
military  aircraft  engines  is  undesirable  because  it  leaves  an  infrared 
and  visible  signature.  In  advanced  aircraft  engine  combustors  (which 
approach  stoichiometry),  soot  formation  in  the  fuel-rich  primary  zone 
imposes  the  upper  limit  of  fuel  flow  in  the  operating  cycle.  The 
threshold  for  incipient  soot  formation  of  various  hydrocarbon  fuels  has 
been  measured  in  both  diffusion  and  premixed  combustion  systems  in 
the  laborato^.  Although  the  laboratory  experiments  are  suitable  to 
determine  the  effects  of  various  factors  (such  as  fuel  structure,  flame 
temperature,  and  pressure)  on  the  soot  formation  process,  the  charac¬ 
teristics  of  soot  emissions  from  practical  combustors  are  far  more 
complicated  because  of  the  effects  of  turbulence,  recirculation,  in¬ 
homogeneous  fuel-air  mixing,  local  temperature  distribution,  soot 
oxidation,  and  so  forth.  Nevertheless,  if  the  general  trend  of  the 
tendency  to  form  soot  for  various  hydrocarbon  fuels  is  determined  in 
laboratory  experiments,  it  will  be  possible  to  better  interpret  the  results 
obtained  in  complex  practical  systems  and  to  predict  the  sooting 
tendencies  of  new  advanced  fuels. 

For  premixed  combustion,  the  tendency  for  incipient  soot  formation 
has  been  determined  [1-10]  for  a  number  of  hydrocarbons  in  various 
combustion  systems  (including  Bunsen-type  burners,  Meker-type 
multitubular  burners,  and  well-stirred  reactors)  by  metering  the  critical 
fuel  concentration  in  the  mixture  at  sooting.  Each  combustion  system 
generates  markedly  different  reaction  zone  structures;  Bunsen-type 
burners  form  well-defined  laminar  flames,  Meker-type  burners  gener¬ 
ate  brushy  “flat”  flames,  and  well-stirred  reactors  create  highly  turbu¬ 
lent  reacting  flows.  Therefore,  the  soot  threshold  data  obtained  in  both 
Meker-type  burners  and  well-stirred  reactors  include  the  effect  of 
backmixing  caused  by  turbulence  at  a  different  degree.  Based  on  the 
concept  of  competition  between  the  fuel  pyrolysis  and  soot-precursor 
oxidation  rates  in  the  soot  formation  processes  (initially  introduced  by 
Millikan  [1 1]),  Takahashi  and  Glassman  [8]  have  analyzed  systemati¬ 
cally  their  soot  threshold  data  for  temperature-controlled  Bunsen-type 
flames  to  determine  the  effects  of  the  flame  temperature  and  the 
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structure  of  the  fuel  molecule.  Although  the  effective  equivalence  ratio 
at  sooting  ()/'«)  and  the  number  of  C-C  bonds  in  the  fuel  molecule 
(nc-c)  served  as  better  correlating  variables  [8,9],  their  discriminating 
power  between  aliphatics  and  aromatics  is  relatively  weak,  as  noted 
later  by  Ramer  et  ai  [12].  Harris  et  al.  [10]  have  more  recently 
measured  soot  threshold  and  flame  temperature  using  a  honeycomb 
flat-flame  burner. 

To  prepare  this  paper,  the  soqt  threshold  data  in  the  literature  are 
thoroughly  analyzed  for  various  fucl-air  premixed  combustion  systems. 
The  data  span  74  hydrocarbon  fuels  including  both  aliphatics  and 
aromatics  with  the  carbon  numbers  one  to  sixteen.  The  approach  of 
this  study  is  essentially  parametric:  the  output  of  a  system  (l.e.,  soot 
threshold  expressed  in  different  forms)  is  correlated  to  various  input 
parameters,  determined  from  the  properties  of  the  mixture.  Thus,  this 
approach  will  not  provide  information  of  the  path  (chemical  kinetics) 
leading  to  incipient  soot  formation.  Instead,  an  attempt  is  made  to 
determine  controlling  factors  that  are  common  to  the  data  base  for 
various  fuels,  research  groups,  and  combustion  methods.  If  the  control¬ 
ling  factors  are  revealed,  one  can  examine  their  effects  on  the 
physicochemical  model  of  soot  threshold  (i.e.,  the  competition  between 
the  fuel  pyrolysis  and  soot-precursor  oxidation  rates)  and  gain  a  better 
understanding  of  the  process  necessary  to  develop  a  global  kinetic 
model.  Furthermore,  differences  in  the  soot  threshold  data  among  the 
research  groups  and  combustion  methods  are  revealed  in  this  paper  by 
examining  the  soot  threshold  data  systematically. 


1  PROCEDURES 

The  soot  threshold  in  premixed  combustion  is  expressed,  in  general,  by 
the  fuel-to-bxygen  molar  ratio,  which  is  then  normalized  by  molar 
oxygen  requirement  per  unit  mole  of  the  fuel  for  a  “stoichiometric” 
condition  for  the  specific  combustion  products  considered.  Table  I 
shows  the  definitions  of  the  three  normalized  fuel-to-oxygen  molar 
ratios  at  sooting  {<pc,il/c,  and  [C/0]c),  the  number  of  moles  of  oxygen 
required  per  unit  mole  of  the  fuel  (Z^,  Z^,  and  Zq/qX  and  the 
combustion  products  considered.  The  three  normalized  fuel-to-oxygen 
molar  ratios  at  sooting  can  be  converted  from  one  to  another  by 
multiplying  the  ratio  of  the  oxygen  requirements.  Here,  Xf  and  Zq,  are 
the  mole  fractions  of  the  fuel  and  oxygen  in  the  mixture,  respectively; 
Be  and  Bh  are,  respectively,  the  number  of  carbon  and  hydrogen  atoms 
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TABLE  1 

Normalized  critical  fuel/oxygen  ratios  at  sooting 


Oxygen 

Combustion 

Name 

Definition 

requirement 

products 

Conventional 
equivalence  ratio 
Effective 

z. 

Z^  =  Hc  +  n„/4 

C02.HjO 

equivalence  ratio 
Carbon-to- 

=‘nc/2  +  m„/4 

CO.HjO 

oxygen  ratio 

(C/0).  =  (A-F/;fo,)cZco 

Zco  =  "c/2 

CO.H, 

in  the  fuel  molecule,  and  the  subscript  c  denotes  the  critical  condition 
at  which  incipient  soot  emission  (yellow  luminosity)  is  observed  by  the 
naked  eye.  The  carbon-to-oxygen  ratio  at  sooting  has  been  widely  used 
in  early  years  from  a  thermodynamic  viewpoint  [11,13],  The  effective 
equivalence  ratio  at  sooting  has  been  introduced  [8]  by  considering 
more  realistic  combustion  products  of  fuel-rich  oxidation.  Calcote  and 
Manos  [14]  proposed  the  threshold  soot  index  as  TSI  =a  —  b^^  (for 
premixed  flames),  which  scales  0  to  100  with  a  progressively  increasing 
order  of  the  sooting  tendency.  Constants  a  and  b  are  determined  for  a 
given  set  of  data  obtained  by  each  group  using  a  particular  combustion 
method.  To  examine  diflerences  in  the  original  soot  threshold  data 
between  research  groups  and  combustion  methods,  the  data  in  this 
study  are  standardized  at  the  group  level  and  the  method  level 
separately,  using  relative  magnitudes  of  (p^ 

A  multiple  linear  regression  method  was  used  to  analyze  the  soot 
threshold  data  with  the  fuel  properties  (such  as  the  heat  of  formation 
[AHjj,,]),  topological  indices  [15],  and  their  derivatives  of  the  fuel 
molecule  such  as  the  carbon  number  (nc),  carbon-to-hydrogen  ratio 
(wc/wh).  number  of  C-C  bonds  («c-c)*  hydrogen-deficiency  number 
(HD),  and  averaged-distance-sum  connectivity  index  (J).  The  carbon 
number  is  an  appropriate  index  for  analyzing  straight-chain  molecules, 
but  it  is  not  well  suited  to  branched  or  cyclic  molecules.  The  hydrogen- 
deficiency  number  is  defined  by  formulating  any  hydrocarbon  as 
-I-  2  —  2HD,  and  it  reflects  the  number  of  independent  cycles, 
rings,  and  double  bonds  in  a  molecule.  The  averaged-distance-sum 
connectivity  index  [16,17]  measures  the  relative  prevalence  of  open 
chains  and  closed  rings  within  the  molecule.  Hanson  and  Rouvray  [18] 
have  concluded  that  the  combined  index  of  J  times  HO  is  the  most 
significant  index,  among  other  topological  indices,  in  correlating  the 
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soot  threshold  data  for  diffusion  flames.  The  number  of  C-C  bonds,  in 
which  a  double  bond  is  counted  as  two  and  a  triple  bond  is  counted 
as  three,  can  be  expressed  as 

«c_c  =  2mc  — nH/2  =  nc+ HD— 1.  (1) 

Thus,  both  Mf-.c  and  HD  are  functions  of  the  carbon  number  and 
hydrogen  number  (or  ;ic  /wh).  The  C/H  ratio  and  the  heat  of  formation 
essentially  determine  the  adiabatic  flame  temperature  (T(). 

The  soot  threshold  data  under  premixed  conditions  investigated 
in  this  paper  have  been  measured  in  three  types  of  combustion  sys¬ 
tems;  Bunsen-type  burners  [1,2,8],  Meker-type  burners  [3,5,7],  and 
well-stirred  reactors  [4,6].  Because  the  Bunsen-type  burners  are  simple 
single-tube  burners  and  form  a  conical  laminar  flame,  the  effect  of 
differences  in  burner  configuration  and  dimensions  must  be  minimal 
compared  to  the  other  methods.  The  term  “Meker-type  burners”  in  this 
paper  designates  various  designs  of  multitubular  (or  honeycomb) 
burners,  which  generate  a  brushy  “flat”  flame  composed  of  multiple 
conical  flamelettes.  The  well-stirred  reactors  include  two  different 
designs:  hemispherical  [4]  ancj  spherical  [6]. 

3.  RESULTS  AND  DISCUSSION 

Table  2  shows  the  fuel  properties  and  the  critical  equivalence  ratio  at 
sooting  for  74  hydrocarbon  fuels  obtained  by  eight  research  groups. 
Because  these  experiments  used  air  as  the  oxidizer  and,  thus,  flame 
temperature  was  not  controlled,  the  temperature  effect  must  be  in¬ 
cluded  in  the  data  analysis.  The  heats  of  formation  are  taken  from  the 
literature  [19,20]  unless  otherwise  noted  in  the  table.  The  averaged- 
distance-sum  connectivity  index  was  calculated  by  a  computer  pro¬ 
gram  described  by  Balaban  and  Filip  [17].  To  directly  compare  the 
soot  threshold  data  before  normalization  to  yield  the  equivalence 
ratios,  the  oxygen-to-fuel  molar  ratios  at  sooting  ([2foyA’F]c)  are 
calculated  form  the  data  and  plotted  in  Figure  1.  The  data  points 
with  a  large  scatter  (>9%  from  the  average)  within  the  same  method 
will  be  excluded  from  the  analysis;  those  data  points  are  ethane, 
propane,  and  benzene  by  Grumer  et  al.  [2],  and  cyclohexane  and 
benzene  by  Flossdorf  and  Wagner  [3]. 

Because  the  soot  threshold  data  differ  between  the  combustion 
methods  and  even  among  the  research  groups  using  the  same  method, 
standardizing  factors  are  calculated  for  direct  comparisons.  Each  group 
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0  S  10  15 
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FIGURE  1.  Soot  threshold  data  expressed  as  the  critical  oxygen/fuel  molar 
ratio  at  sooting:  (a)  Bunsen-type  burners,  (b)  Meker-type  burners,  (c)  well- 
stirred  reactors. 
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factor  (/g)  within  the  same  method  is  determined  as  follows.  (1)  For  fuels 
for  which  the  data  are  commonly  available  from  at  least  two  different 
groups,  relative  magnitudes  of  (pc  are  calculated  by  dividing  Pc  by  their 
average.  (2)  Next,  an  average  is  taken  of  the  relative  magnitudes  of 
over  different  fuels  in  each  group.  Similarly,  each  method  factor  {/m)  is 
obtained  as  follows.  (1)  For  fuels  for  which  the  group  averages  are 
commonly  available  from  at  least  two  different  methods,  relative 
magnitudes  of  the  averaged  (pc  are  calculated  by  dividing  the  averaged  ^c 
by  their  average.  (2)  Next,  an  average  is  taken  of  the  relative  magnitudes 
of  the  averaged  (pc  over  different  fuels  for  each  method.  Table  3  shows 
the  group  and  method  factors  which  can  be  used  for  all  {XjIXq^,  (pc,  (fit, 
and  (C/0)c.  Thus,  these  correlating  variables,  standardized  for  the  same 
method  ([Xp/Jlfo,];,  <P'„  fi'c  andtC/O];)  or  for  all  data  ([2fF/A-oj;. 

(pc,  and  [C/0]^).  are  expressed  as 


(Xr/XoX  =  [XF/Xo,)c/fo ,  <P[  =  4>Jfo . 

(Pc^f'e/fc,  (C/0);  =  (C/0)c//g. 

iXr/XoX  =  {XflX^XIfM .  €  =  . 

(C/0)XC/0}://m. 

The  group  factors  in  Table  3  show  that  Bunsen-type  flames  have  the 
least  minimum-to-maximum  scatter  {~3%  on  average)  between  the 
groups,  Meker-type  burners  are  the  next  (~6%),  and  well-stirred 
reactors  deviate  the  most  (- 10%).  The  method  factors  indicate  that 
the  soot  thresholds  for  both  the  Meker-type  burners  and  well-stirred 
reactors  are  approximately  15%  larger  (on  average)  than  those  for 
Bunsen-type  flames.  There  are  several  possible  causes  of  the  scatter  of 
the  data.  First,  the  soot  threshold  is  determined  by  the  experimenter 
as  the  onset  of  (yellow)  luminosity  emission;  thus,  it  is  not  based  on 
quantitative  measurements  (such  as  the  soot  volume  fraction)  and 
therefore  includes  human  bias  error.  Second,  the  results  depend  on 
system  configuration.  The  conical  Bunsen-type  flames  are  affected  less 
by  heat  losses  to  the  burner  wall  than  are  “flat”  Meker-type  burner 
flames.  In  brushy  Meker-type  burner  flames  and  well-stirred  reactors, 
backmixing  caused  by  turbulence  must  broaden  the  reaction  zone  and 
disperse  soot  particles,  thus  delaying  detection  of  luminosity.  Further¬ 
more,  Bunsen  (and  Meker)  flames  of  heavy  hydrocarbons  may  suffer 
nonuniform  transport  effects;  the  preferential  diffusion  of  lighter  compo¬ 
nents  (oxygen)  makes  the  mixture  near  the  flame  (let)  tip  locally  fuel  richer. 
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TABLE  3 

Standardizing  factors  for  the  soot  threshold  data 


Number  of 

Group  factor 

Method  factor 

Method  and  investigators 

data 

fo 

/m 

Bunsen-type  Burner 

Street  and  Thomas  (1955) 

25 

0.987 

0.915 

Grumer  ct  aL  (1956) 

T 

1.015 

Takah^shi  and  Classman 

21 

1.006 

(1984) 

Meker-type  Burner 

Flossdorf  and  Wagner 

4'* 

0.980 

1.058 

(1967) 

Calcotc  and  Miller  (1978) 

11 

0.974 

Olson  and  Pickens  (1984) 

55 

1.034 

Well-Stirred  Reactor 

Wright  (1969) 

14 

1.050 

1.054 

Blazowski  (1980) 

8 

0.950 

*  Excluding  ethane,  propane,  and  benzene. 
Excluding  cyclohexane  and  benzene. 


Figure  2  shows  the  soot  threshold  data  for  the  three  methods 
expressed  by  a  conventional  plot  of  as  a  function  of  iic-  The 
coefficient  of  determination  (r^)  (i.e.,  the  square  of  the  correlation 
between  the  observed  y-value  and  the  predicted  y-values)  for  Bunsen- 
type  burners,  Meker-type  burners,  and  well-stirred  reactors  are,  re¬ 
spectively,  0.642, 0.261,  and  0.746.  The  data  set  for  Meker-type  burners 
has  a  least  correlation.  The  scatter  of  the  data  points  between  Ci 
aliphatics  and  aliphatics  versus  aromatics  (nc  >  6)  is  noticeable  in  the 
plots  for  both  Bunsen-type  (Fig.  2(a))  and  Meker-type  (Fig.  2(b))  burner 
flames.  For  the  well-stirred  reactor  data  (Fig.  2(c)),  r^-value  is  high 
because  of  the  scarce  data  points  which  are  well-separated  for 
aliphatics  (/ic  <  4)  and  aromatics  (6  >  nc)«  Figure  3  shows  a  replot  of 
the  data  points  in  Figure  2  by  as  a  function  of  scatter 

becomes  smaller  in  the  new  plot  (r^  =  0.829, 0.571,  and  0.787  for  each 
method)  as  the  effective  equivalence  ratio,  which  is  more  realistic  in 
fuel-rich  conditions,  is  used.  The  effect  of  the  carbon  number  and  C/H 
ratio  are  taken  into  account  in  (Eq.  (1)).  However,  separation 
between  the  aliphatics  and  aromatics  still  exists  for  large  as  was 
noted  by  Ramer  et  ai  [12]. 
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FIGURE  2.  Soot  threshold  data  expressed  as  the  critical  conventional  equiva¬ 
lence  ratio  at  sooting  versus  the  carbon  number  (a)  Bunsen-type  burners,  (b) 
Meker-type  burners,  (c)  well-stirred  reactors.  O*  Alkanes;  V,  alkcnes; 
alkynes;  A,  aromatics. 
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FIGURE  3.  Soot  threshold  data  expressed  as  the  critical  effective  equivalence 
ratio  at  sooting  versus  the  number  of  C-C  bonds:  (a)  Bunsen-type  burners,  (b) 
Meker-type  burners,  (c)  well-stirred  reactors.  O,  Alkanes;  V,  alkenes; 
alkynes;  ▲,  aromatics. 
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Figure  4  shows  a  replot  of  the  data  points  by  (C/0)'  as  a  function 
of  He-  The  coefficients  of  determination  are  r*  =  0.846, 0.743,  and  0.298 
for  each  method.  For  Bunsen-type  burner  flames  (Fig.  4(a)),  (C/O)'  is 
nearly  constant  (0.47  ±0.05)  for  Cj  to  C,e  alkanes  and  increases  for 
smaller  alkenes  (~0.61  for  ethylene)  and  acetylene  (~0.83).  Although 
the  constancy  (C/O)ca:0.5  for  alkanes  has  long  been  known  [13],  the 
deviation  Of  the  data  points  for  ethylene  and  acetylene  has  not  yet  been 
fully  explained.  Aromatic  fuels  are  among  the  scatter  of  the  data  points 
for  aliphatics,  and  no  apparent  separation  between  aliphatics  and 
aromatics  is  observed.  A  similar  trend  is  observed  for  Meker-type 
burner  flames  with  slightly  higher  values  of  (C/O)*  and  a  larger  scatter. 
Although  the  data  points  for  well-stirred  reactors  do  not  show  a  clear 
trend  because  of  the  insufficient  number  of  data,  they  quantitatively 
follow  the  data  points  for  Meker-type  burner  flames.  Unlike  conven¬ 
tional  and  effective  equivalence  ratios,  the  oxygen  requirement  for  the 
carbon-to-oxygen  ratio  is  independent  of  the  hydrogen  number  (see 
Table  1).  Thus,  the  apparent  decreasing  trend  of  both  and  with 
increasing  Mc  and  the  separation  between  aliphatics  and  aromatics  for 
large  %  are  primarily  due  to  counting  Mh  as  well  as  Wc- 

Because  the  variations  in  (C/O)'  apparently  depend  on  the  homo¬ 
logous  series,  they  must  be  related  to  the  properties  of  the  fuel  and  the 
flame  temperature.  Figure  5  shows  the  mole  fractions  of  the  fuel  and 
oxygen  in  the  mixture  at  the  sooting  limit  In  general,  Xf^  decreases  and 
Xq^,  increases  (thus,  [Xf  /XqJc  decreases),  while  the  stoichiometric 
oxygen  requirements  (Z^  Z^,  and  Z^o)  increase  with  increasing  rtc, 
thereby  determining  the  dependencies  of  and  (C/O)*  on  n*  (see 

Table  1).  Figure  6  shows  the  adiabatic  flame  temperatures  at  the  sooting 
limits  (Tfc)  calculated  by  the  NASA  CEC89  program  [21].  Although  the 
actual  flame  temperature  must  be  lower  than  the  calculated  adiabatic 
temperature,  should  sufficiently  discriminate  the  actual  differences 
due  to  the  type  of  fuel  and  the  equivalence  ratio.  For  alkanes,  the 
adiabatic  flame  temperature  increases  over  500  K  from  methane 
( ~  1 540  K)  to  hexadecane  ( -  2090  K)  as  ^*  decreases  from  1.8  to  1.35.  For 
alkenes,  variations  in  Tp*  are  relatively  small  (1950  K  to  2150 K). 
Acetylene  has  the  highest  flame  temperature  (~2400K),  as  expected;  for 
aromatics,  the  variations  in  T  p*  are  generally  higher  (2050  K  to  2350  K) 
than  aliphatics. 

Multiplying  (C/O);  by  IXq^  yields  /icXp*  (see  Table  IX  which  will 
becomes  the  number  of  carbon  atoms  per  mole  of  the  mixture  by  multi¬ 
plying  further  by  Avagadro’s  number.  Since  the  variation  in  Xq^  is 
relatively  small  (0.18  to  0.21)  over  all  Ci  to  Cj^  hydrocarbon  fuels,  neZ'p* 
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Figure  4,  Soot  threshold  data  expressed  as  the  critical  C/O  ratio  at  sooting, 
standardized  for  each  method:  (a)  Bunsen-lype  burners,  (b)  Mcker-type 
burners,  (c)  well-stirred  reactors.  O.  Alkanes;  V,  alkenes;  ’❖•,  alkynes;  A, 
aromatics. 
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FIGURE  5.  Mole  fractions  of  fuel  and  oxygen  in  the  fuel-air  mixture  at 
sooting:  (a)  Bunsen-type  burners,  (b)  Meker-type  burners,  (c)  well-stirred 
reactors.  O.  Alkanes;  V,  alkenes;  ■>,  alkynes;  A,  aromatics. 
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exhibits  a  dependency  on  nc  (not  shovyn)  similar  to  (C/O)^  The  number 
density  of  carbon  atoms  at  atmospheric  pressure  may  be  expressed  as 
where  K  is  a  constant  (Avagadro’s  number  times 
pressure  divided  by  the  universal  gas  constant;  0.734  x  10^*  K/m^). 
Figure  7  shows  variations  in  Nq/K  with  tic-  For  Bunsen-type  and 
Meker-type  burner  flames  (Figs.  7(a)  and  7(b)),  is  fairly  constant 
for  alkanes  ( ±  12%  and  ±  10%,  respectively)  over  a  wide  range  (a  factor 
of  16)  of  He  •  The  difference  in  N^K  between  Cj  aliphatics  is  significant¬ 
ly  smaller  ( ±  12%)  than  that  of  (C/QX  ( ±  27%)  shown  in  Figure  4.  Data 
points  for  aromatics  are  among  the  scatter  of  aliphatics.  The  scatter  in 
Nc/K.  appears  to  be  larger  for  the  well-stirred  reactors  (Fig.  7(c)),  but  its 
variation  over  C2-C11  hydrocarbons  is  still  moderate  (+17%).  Note 
that  is  the  calculated  adiabatic  flame  temperature,  and  the  deviation 
from  the  actual  gas  temperature  must  be  least  for  Bunsen-type  flames 
and  becomes  larger  for  Meker-type  flames  and  well-stirred  reactors. 
More  data  points  (and  perhaps  the  actual  flame  temperature  measure¬ 
ment)  are  required  to  determine  the  concrete  trend  for  well-stirred 
reactors.  Nevertheless,  considering  the  wide  range  of  tic  (*nd  large 
experimental  uncertainties  [  ±  9%]),  N^K  may  be  regarded  as  practi¬ 
cally  constant  for  all  fuels  for  each  combustion  method. 

This  striking  result  implies  that  the  soot  threshold  of  hydrocarbon- 
air  mixtures  is  determined  by  the  number  density  of  carbon  atoms 
introduced  into  the  system,  independent  of  the  types  of  the  fuel  and 
combustor.  Therefore,  information  on  the  original  fuel  molecule,  in¬ 
cluding  the  number  of  carbon  (and  hydrogen)  atoms  and  the  chemical 
structure  (depending  on  its  homologous  series  and  branched  chain), 
and  the  structure  of  the  reaction  zone  (either  a  narrow  flame  zone  or 
broad  turbulent  reacting  flow)  are  unimportant  in  determining  the 
sooting  limit.  This  result  is  consistent  with  the  earlier  conclusion  [8,9] 
that,  in  premixed  flames,  the  fuel  structure  has  no  significant  effect  on 
soot  threshold.  Soot  (surface  and  mass)  growth  occurs  and  reaches  a 
visually  recognizable  level  in  the  post-reaction  zone.  The  onset  of  soot 
formation  occurs  earlier  at  a  position  in  the  flame  where  some  oxygen 
molecules  still  remain  and,  thus,  the  concentrations  of  oxidizing  species 
and  soot  precursors  may  vary  depending  on  the  fuel  type.  By  contrast, 
in  the  post-reaction  zone,  the  parent  fuel  molecules  no  longer  exist;  only 
their  rich  oxidation  products  exist,  which  are  not  different  in  character 
from  those  of  various  homologous  series.  This  concept  is  supported  by 
the  results  of  Harris  and  Weiner  [22],  who  found  that  toluene  addition 
to  an  aliphatic  fuel  has  no  effect  on  soot  formation  other  than  that 
which  results  from  the  increased  number  of  carbon  atoms  in  the  fuel 
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FIGURE  7.  Soot  threshold  data  expressed  as  the  critical  carbon  number 
density  at  sooting,  standardized  for  each  method:  (a)  Bunsen-type  burners, 
(b)  Meker-type  burners,  (c)  well-stirred  reactors.  O.  Alkanes;  V,  alkencs; 
alkynes;  A,  aromatics. 
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Moreover,  a  similar  trend  in  the  results  obtained  by  well-stirred 
reactors  suggests  that  the  mode  of  the  process,  whether  sequential  in 
the  narrow  laminar  flame  zone  or  simultaneous  in  the  turbulent 
reacting  flow,  docs  not  have  a  significant  effect  on  soot  threshold. 

Although  the  argument  based  on  the  constant  number  density  of 
carbon  atoms  described  above  must  reflect  the  critical  condition  for 
incipient  soot  formation,  the  effects  of  various  parameters  on  the 
sooting  limits  are  not  readily  known.  It  is  of  great  practical  use  if  the 
soot  threshold  data  are  expressed  as  functions  of  parameters  predeter- 
minable  from  the  properties  of  the  fuel-air  mixture.  Figure  8  shows  the 
adiabatic  flame  temperature  at  1.5,  C/H  ratio,  heat  of  formation, 
and  averaged-distance-sum  connectivity  index  of  the  fuel.  These  vari¬ 
ables  arc  indejjcndent  of  the  soot  threshold.  The  trend  in  TV  at  0=  1.5 
(Fig.  8(a))  qualitatively  resembles  the  variations  in  (C/O)'  for  Bunsen- 
type  flames  (Fig.  4(a)).  Figure  9  shows  the  variation  in  (C/O)'  as  a 
function  of  T,  it  4>=  1.5.  r^-values  are  0.846,  0.743,  and  0.298,  respec¬ 
tively,  for  Bunsen  burners,  Meker  burners,  and  well-stirred  reactors. 
For  both  Bunsen-type  and  Meker-type  burner  flames,  there  is  a  strong 
correlation  between  these  variables  with  slightly  different  slopes.  The 
trend  in  Hc/hh  also  resembles  t)iat  in  (C/O);  for  aliphatics,  but  the  data 
points  for  aromatics  are  markedly  higher  than  aliphatics.  The  flame 
temperature  is  dependent  on  the  C/H  ratio  and  the  heat  of  formation 
of  the  fuel  because  nc/«H  essentially  determines  the  ratio  between 
lower-enthalpy  carbon-containing  combustion  products  (COj,  CO) 
and  higher-enthalpy  water  vapor,  and  AFfr„.  determines  the  enthalpy 
of  the  initial  combustible  mixture,  thereby  defining  the  heat  release. 
Alkynes  (particularly  acetylene)  and  aromatic  fuels,  which  have  higher 
nc/nu  and  result  in  higher  T,  at  1.5  than  those  of  alkenes 

and  alkanes.  Although  the  averaged-distance-sum  connectivity  index 
discriminates  multiple  bonds  in  alkenes  and  alkynes,  it  also  discrimi¬ 
nates  branched-chain  aliphatics,  thus  creating  more  scatter  in  alkane 
homologous  series.  Since  the  soot  threshold  data  exhibit  no  significant 
difference  between  straight-chain  and  branched-chain  aliphatics,  the 
contribution  of  J  to  the  sooting  correlations  may  be  weak,  except  for  a 
smaller  He  (<  5). 

Although  the  correlation  between  the  soot  threshold  and  a  single 
parameter  (such  as  \j/'^  vs.  n^.c,  or  (C/O);  vs.  Tf  at  1.5)  revwls  the 
effect  of  some  controlling  parameters,  there  are  apparent  limitations 
(e.g.,  the  weak  discrimination  between  homologous  series  [aliphatics  vs. 
aromatics,  in  particular]  and  the  weak  predictive  power  for  a  pure  fuel 
and  mixtures  whose  tendency  to  form  soot  is  unknown).  To  determine 
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FIGURE  9.  Correlations  between  the  critical  C/O  ratio  at  sooting,  standard* 
ized  for  each  method,  and  the  adiabatic  flame  temperature  at  ^=1.5. 
(a)  Bunsen-type  burners,  (b)  Meker-type  burners,  (c)  well-stirred  reactors. 
0»  Alkanes;  V,  alkenes;  alkynes;  A,  aromatics. 
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more  systematically  the  contributions  of  various  parameters  to  the 
sooting  threshold  data  expressed  in  various  forms,  multiple  linear  re¬ 
gression  analyses  were  made  for  the  whole  data  set.  Table  4  summa¬ 
rizes  the  selective  results  of  multiple  linear  regression  analysis  for  each 
of  four  dependent  variables  [C/O];,  and  [A’o,/^f]D  with  five 

independent  variables  (uc,  Hc/hh.  J,  and  T,2X^=  1.5)  listed  in 

Table  2.  The  table  includes  the  coefficient  of  determination,  the  coeffi¬ 
cients  of  the  regression  equation  (Oj ),  and  the  f-ratios  (ti )  (le.,  Oi  divided 
by  the  standard  deviation  of  oi ).  Although  various  numbers  (one  to 
four)  of  the  independent  variables  have  been  tested,  only  the  results  for 
four  variables  are  shown  in  Table  4  because  they  provide  the  best 
regression  for  each  dependent  variable.  The  coefficient  of  determination 
is  highest  (0.988)  for,  {XQjXfX,  indicating  that  nearly  99%  of  the 
variation  in  y-value  can  be  explained  by  means  of  the  straight-line 
prediction  equation.  Figure  10  shows  the  experimental  values  of 


FIGURE  10.  Correlations  between  the  experimental  and  calculated  oxygen- 
to-fuel  ratio  at  sooting  for  all  data. 
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(■^o,/-^f)c»  versus  calculated  values  for  all  the  data  points.  The  t-ratio 
indicates  the  relative  contribution  of  each  term  to  each  j'-value.  For 
tji',  and  (C/0)j,  the  temperature  effect  is  significant;  for  {XQjXf)^,  ttc 
has  a  predominant  contribution  because  it  is  not  been  normalized  by 
the  oxygen  requirement  including  «c .  For  and  tj/;,  nc/n„  makes  an 
appreciable  contribution  because  Hh  is  counted  in  the  normalization 
(see  Table  1),  whereas  for  (C/0)',  it  is  less  significant  than  the  constant 
term,  as  expected  from  its  near-constant  trend  (Fig.  4). 

4.  CONCLUSIONS 

Thorough  analyses  of  the  experimental  data  available  in  the  literature 
for  74  hydrocarbon  fuels  (Cj  to  C,6  aliphatics  and  C*  to  C^  aro¬ 
matics)  burning  with  air  revealed  the  effects  of  various  factors  in 
determining  the  soot  threshold  in  premixed  combustion.  The  critical 
carbon-to-oxygen  ratio  is  nearly  constant  for  alkanes  but  strongly 
correlates  to  the  adiabatic  fiame  temperature  at  a  fuel-rich  condition 
(^=1.5)  for  alkenes  and  alkynes.  The  oxygen-to-fuel  molar  ratio  of  the 
mixture  at  sooting  correlates  remarkably  well  (the  coefficient  of  deter¬ 
mination:  r^  =  0.988)  with  the  carbon  number,  C/H  ratio,  heat  of 
formation,  7f  at  0=  1.5,  and  averaged-distance-sum  connectivity  index. 
For  hydrocarbon-air  combustion,  soot  threshold  is  determined  by  a 
critical  number  density  of  carbon  atoms  introduced  into  the  system 
independent  of  the  types  of  fuel  and  combustor.  Therefore,  information 
on  the  original  fuel  molecule,  including  the  number  of  carbon  (and 
hydrogen)  atoms  and  the  chemical  structure  (depending  on  its 
.homologous  series  and  branched  chain),  and  the  mode  of  the  reaction 
zone  (either  a  narrow  flame  zone  or  broad  turbulent  reacting  flow)  are 
unimportant  in  determining  the  sooting  limit.  The  scatter  of  the 
experimental  data  tends  to  cover  physically  meaningful  trends,  and  a 
more  quantitative  detection  of  the  soot  threshold  is  desirable. 
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Abstract 

Two  color  double  pulsed  Particle  Image 
Velocimetry  measurements  of  simulated  turbine  film 
cooling  flows  have  been  made  for  blowing  ratios  of  0.5, 
0.7,  1.0,  and  1.5  in  the  near  field  of  the  film  cooling 
hole,  x/d^.5  for  free  stream  turbulence  levels  of  1%, 
6%,  12%,  and  17%.  Increases  in  the  jet  spread  with 
free  stream  turbulence  are  up  to  2  times  the  1%  free 
stream  turbulence  case  for  blowing  ratios  up  to  1.0. 

Nomenclature 

d  film  cooling  hole  diameter  (1.905  cm) 

M  coolant  blowing  (mass  flu.\)  ratio  (PcU(/PfsUfs) 

Re  Reynolds  Number  based  on  film  cooling  hole 
diameter  (PcD^  d  /  |x) 

Tu  .X  turbulence  intensity  (u'  /U) 

U  time  mean  local  streamwise  velocity  (m/s) 

X  streamwise  distance  measured  from  the 
downstream  lip  of  tlie  injection  hole  (cm) 
y  vertical  distance  from  the  injection  surface  (cm) 

A  integral  turbulence  scale  (cm) 

Introduction 

Tlie  character  of  the  flow  info  the  a.xial  turbine 
rotor  blade  row  of  a  gas  turbine  engine  is  largely 
determined  by  the  upstream  nozzle  guide  vanes.  The 
close  spacing  of  vanes  and  blades  subject  die  blades  to 
unsteady  flows  with  scales  which  may  range  from  half 
of  the  passage  width,  due  to  the  passage  vortex,  to  the 
order  of  die  blade  boundary  layer  thickness. 
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Many  modem  turbine  stages  employ  film  cooling 
to  permit  near  stoichiometric  combustor  qieiating 
temperatures.  Film  cooling  air  is  injected  through 
rows  of  small  (O.Xmm  diameter  typical)  holes  in  the 
blade  surface.  The  coolant  air  is  supplied  from  the 
compressor  exit  flow  and  is  maintained  at  essendally 
constant  pressure. 

The  objective  of  the  present  study  is  to  provide  a 
more  detailed  characterizadon  of  the  coolant  injecdon 
phenomenon  and  its  interaction  with  the  free  stream 
disturbances.  The  Reynolds  number  based  on  the 
coolant  hole  diameter  of  1.9  cm  is  approximately 
20,000,  which  is  typical  for  a  turbine.  The  facility  can 
be  supplied  with  freestream  turbulence  levels  ranging 
from  less  than  1%  to  over  17%.  Freestream 
turbulence  is  an  important  feature  of  gas  turbines 
which  must  be  present  to  properly  simulate  the  turbine 
aerodynamics  and  heat  transfer.  The  velocity  rado 
(coolant  velocity  /  freestream  velocity)  varies 
depending  on  where  the  film  cooling  is  located  on  the 
blade,  so  this  parameter  will  also  be  investigated 
Because  die  effeedveness  of  film  cooling  is  governed 
by  the  rate  at  which  the  coolant  jets  mix  with  the 
hotter  surrounding  flow,  both  freestream  turbulence 
and  the  velocity  rado  influence  die  rate  of  mixing  and 
therefore  the  performance  of  any  specific  film  cooling 
design.  PIV  measurements  provide  a  simultaneous 
realization  of  a  plane  of  the  flow  with  a  spadal 
resoludon  of  1.4mm  for  3  diameters  downstream  of 
the  film  injecdon  hole.  Tliese  measurements  allow 
computadon  of  vordcity  and  dissipadon. 

Experimental  Facility 

Tlie  measurements  of  this  study  were  made  in  an 
open  loop  film  cooling  wind  turmel  described  in  detail 
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by  Bons.  et  al.  1994,  and  1995.  Figure  1  shows  an 
overall  view  of  the  facility  and  a  top  view  of  the 
cooling  hole  arrangement  and  the  heat  transfer  surface. 
The  main  flow  passes  tlirough  a  conditioning  plenum 
containing  perforated  plates,  honeycomb,  screens,  and 
a  circular-to-rectangular  transition  nozzle. 
Downstream  of  the  transition  nozzle,  at  the  film 
cooling  station  location,  free  stream  turbulence  levels 
of  0.7  to  17%  can  be  achieved  with  velocity  and 
temperature  profiles  uniform  to  within  1%  at  the  film 
cooling  station. 

A  single  row  of  l.SK)5  cm  film  cooling  holes  at 
an  injection  angle  of  35  degrees  to  the  primary  flow  is 
investigated.  The  length  to  diameter  ratio  of  the  film 
cooling  holes  evaluated  is  2.4.  The  integral  turbulence 
scale  to  film  hole  diameter  is  2.88  to  4.23,  depending 
on  the  turbulence  level  and  turbulence  generation 
mechanism  (Bons  et  al.,  1994).  Tlie  momentum 
thickness  to  hole  diameter  ratio  typically  is  0.05,  and  a 
typical  film  cooling  hole  Reynolds  number  is  20,000. 

Two-Color  Particle  Image  Vclocimetrv 

PIV  techniques  have  been  used  for  a  number  of 
years  to  measure  velocity  distributions  in  planar  cross 
sections  of  a  given  flow  field  as  described  in  detail  in 
earlier  work  (Lourenco  et  al.,  1989  and  Adrian,  1991). 
One  of  the  difficulties  involved  in  implementing  this 
otherwise  attractive  velocimetry  technique  however,  is 
the  directional  ambiguity,  namely,  the  inability  to 
determine  the  temporal  sequence  of  particle  pairs  and 
thus  the  direction  of  tlte  measured  velocity.  Several 
techniques  that  have  been  developed  to  resolve  this 
ambiguity  use  a  single  color  lasers  and  image  shifting 
by  means  of  either  scanning,  or  rotating  mirrors,  pulse 
tagging,  calcite  crystals,  and  polarizing  beam  splitters. 
The  mechanical  motion  associated  with  the  mirrors 
imposes  some  limitations  on  velocity  measurements. 
Pulse  tagging  uses  pulses  of  different  duration  (Grant 
et  al.,  1990),  but  limits  the  technique  to  low  velocity 
flows,  since  the  time  resolution  is  not  adequate  to 
prevent  image  blurring  in  high  speed  flows.  Calcite 
crystals  exploit  tlie  polarization  of  tlie  light  scattered 
from  tlie  seed  particles  but  the  magnitude  and 
orientation  of  the  shift  can  cliange  in  tlie  film  plane 
because  the  light  is  collected  from  a  finite  solid  angle 
(Landreth  et  al.,  1988).  In  addition,  for  a  given  camera 
magnification,  the  velocity  bias  can  not  be  altered 
unless  the  crystal  thickness  is  changed  or  several 
crystals  are  used  in  series.  A  polarizing  beam  splitter 
and  two  quarter  wave  plates  ^so  utilize  polarization 
principle  and  provide  constant  velocity  bias  throughout 
the  flow  field  so  tliat  synchronization  with  otlier 
hardware  is  not  necessary  (Lourenco,  1993). 


A  two-color  PIV  system  that  was  developed  by 
Goss  et  al.,  1991,  (Figure  1)  has  the  following 
advantages;  (i)  the  directional  ambiguity  is  resolved 
using  the  color  coding  of  the  particle  images,  (ii) 
higher  data  yields  are  attainable,  and  (iii)  the  system  is 
particularly  suitable  for  combustion  diagnostics.  The 
system  uses  color  to  temporally  mark  the  location  of 
the  seed  particles  in  the  flow  field.  The  green  (532 
nm)  laser  output  from  a  frequency-doubled  NdiYAG 
laser  and  the  red  (610  nm)  laser  output  from  a 
Nd:YAG  pumped  dye  laser  are  combined  by  a  dichroic 
beam  splitter  and  directed  through  sheet  forming 
optics.  The  laser  sheet  energy  is  typically  20  mJ/pulse 
and  the  sheet  thickness  is  less  tlm  1  mm  in  the  test 
section.  The  Laser  sheet  orientation  is  illustrated  in 
Figure  1.  The  temporal  delay  between  the  two  lasers  is 
controlled  by  a  pulse  generator  and  is  set  as  a  function 
of  tlie  gas  velocity,  optical  magnification  and 
interrogation  spot  size.  In  tlie  present  experiments,  the 
time  delay  is  12  psec  and  is  monitored  by  a  photo¬ 
diode. 

The  jet  fluid  is  seeded  with  sub-micron 
(nominally  0.5  pm)  smoke  particles.  Mie  scattering 
from  the  seed  particles  is  recorded  on  commercial  35 
mm  color  film  that  is  digitized  into  individual  red, 
green,  and  blue  components  at  a  resolution  of  2700 
pi,xels  per  inch.  Several  techniques  such  as  Young's 
fringe  analysis,  auto<orrelation,  etc.  are  available  for 
image  analysis  for  monochromatic  double  pulse 
images.  However,  these  methods  do  not  take  into 
account  tlie  color  infonnation  in  the  present  PIV 
images.  The  cross  correlation  technique  implemented 
in  tlie  present  work  e.\pIoits  tlie  spectral  separation  of 
the  red  and  green  images  and  eliminates  approximately 
one  half  of  the  possible  particle  images  from  each 
interrogation  region. 

The  present  cross-correlation  technique  is  based 
on  intensity  maps  of  tlie  red  and  green  images  of 
scattered  light.  Consider  tlie  intensity  distributions  of 
the  red  and  green  images  r(x,y)  and  g(x,y)  and  their 
corresponding  Fourier  transforms  R(a,b)  and  G(a,b). 
Tlie  two-dimensional  cross-correlation  function 


h(x,y)=ff  r(cr,^)g(x  +  a,y+^)dad^ 

=  F'[F(r(x,y))F(g*(x,y))l 
=  F'[R(a,/^G*(a.>9)l  (1) 
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is  employed  to  determine  the  magnitude  and  direction 
of  the  average  velocity  over  the  interrogation  area. 
(Note  that  unlike  processing  methodologies  that  are 
based  on  autocorrelation,  tlie  direction  of  tlie  velocity 
vectors  is  uniquely  determined.) 

The  correlation  function  (1)  is  calculated  over 
small  segments  (interrogation  domains)  of  the  PIV 
image.  In  order  to  process  the  digitized  PIV  image,  it 
is  dissected  into  smdl  sub  regions.  The  dimensions  of 
each  interrogation  domain  depend  on  the  particle 
density,  estimated  local  velocity  gradients,  particle 
image  size,  and  the  desired  spatial  resolution.  The 
maximum  displacement  of  each  particle  must  be  less 
than  half  of  the  interrogation  spot  In  the  present 
experiments,  the  interrogation  domain  measuring  64  x 
64  pixels  corresponding  to  1.4  x  1.4  mm  in  the 
measured  flow.  In  order  to  enliance  tlie  overall 
resolution,  tlie  interrogation  domains  are  overlapped 
by  one-half  the  domain  size.  Tlie  peak  of  the 
correlation  map  calculated  by  Eq.  (1)  corresponds  to 
the  average  velocity  displacement  within  the 
interrogation  spot  An  intensity  weighted  peak 
searching  routine  is  used  to  determine  the  exact 
location  of  the  peak  to  a  sub-pixel  accuracy.  The 
number  of  particle  pairs  tliat  are  normally  necessary  to 
ensure  a  desirable  signal  to  noise  ratio'  is  reduced  to 
four  or  five  pairs  when  tlie  cross-correlation  analysis  is 
employed. 

Uncertainty  Analysis 

The  experimental  uncertainties  are  calculated 
based  on  knowledge  of  the  instrumentation  used  and  a 
simple  root-mean-squared  error  analysis  (Kline  and 
McCIintock  1953).  Tliis  method  assumes 
contributions  to  uncertainties  arise  mainly  from 
unbiased  and  random  sources.  Tlie  large  out  of  plane 
velocities  and  large  fluctuating  components  required 
dense  seeding  and  very  short  interpulse  times  which 
began  to  challenge  the  capability  of  the  film  for 
temporal  resolution.  Uncertainty  in  the  velocity 
measurement  arises  from  tlie  time  required  to  keep  tlie 
large  out  of  plane  velocities  and  fluctuating 
components  within  the  laser  sheet  during  both  pulses. 
The  resulting  number  of  pixels,  typically  12,  of 
displacement  and  the  sub  pixel  resolution  of  0.25 
pixels  then  dictate  the  uncertainty  of  ±2%.  The 
spatial  resolution  used  in  the  data  presented  is  2.8inin. 
The  data  was  acquired  at  a  resolution  of  1.4mm  using 
45  pixels  per  mm  for  a  spatial  resolution  accuracy  of 
1.5%. 


Results  and  Discussion 

The  nim  flow  has  been  seeded  with  a  50% 
mixture  of  water  and  Propylene  Glycol  with  a  nominal 
diameter  of  I  micron  or  less.  This  technique  allows 
measurements  of  the  film  flow  only.  Blowing  ratios  of 
0.5,  0.7,  1.0,  and  1.5  were  investigated  for  1%,  6%, 
12%,  and  17%  turbulence  intensities.  10  to  30  images 
were  taken  for  each  flow  case.  The  double  pulsed  PIV 
images  and  the  reduced  velocity  plots  will  be 
presented.  There  is  a  very  large  mean  velocity 
distribution  in  the  vicinity  of  the  film  hole  as  shown  in 
previous  publications,  Schauer  and  Bons,  1994, 
resulting  in  a  vulcano  like  structure  for  this  flow 
condition  with  a  velocity  ratio  of  up  to  -i-120%  to  80% 
of  firee  stream  over  the  film  hole.  This  range  of 
velocities  is  also  observed  in  the  PIV  measurements. 

Shown  in  Figures  2  and  3  are  typical  double 
pulsed  two  color  measurements  for  blowing  ratios  of 
0.7,  and  1.0  at  tlie  four  turbulence  levels.  At  the  cunp: 
blowing  ratio  the  free  stream  turbulence  levels  of  1  % 
and  17%  in  the  Figure  2  comparision  cleariy  shows 
near  doubling  of  the  jet  spread  for  the  17%  turbulence 
case.  This  is  consistent  with  previous  averaged  hot 
wire  and  thermocouple  measurements.  The  film  jet 
spread  angle  has  two  slopes,  one  nominally  over  the 
film  hole,  and  a  second  slope  after  the  film  hole 
opening.  Also  illustrated  in  Figures  2  and  3  is  the  roll 
up  of  tlie  film  cooling  jet  boundary  layer  in  the 
opposite  direction  of  what  would  be  the  anticipated 
free  stream  shear  layer  roll  up.  The  free  stream  has 
not  been  seeded  in  this  case  which  is  why  the  free 
shear  layer  does  not  appear  in  these  realizations  of  the 
flow.  Tlie  corresponding  instantaneous  velocity  vector 
fields  are  shown  in  Figures  4  and  5.  The  range  of  film 
jet  velocities  at  tlie  exit  are  comparable  to  those 
observed  in  Scliauer  and  Bons,  1994.  Extensive 
regions  of  low  velocity  flow  are  indicated  following 
the  exit  with  very  hi^  activity  in  the  shear  layer. 
Again  the  jet  spread  with  turbulence  intensity  is  quite 
clear. 

Tlie  indicated  jet  spread,  growth  of  the  shear 
layer,  and  growth  of  tlie  scales  was  obtained  from 
these  realizations  of  tlie  flow  by  digitizing  their 
envelopes.  The  angle  of  tlie  flow  over  the  film  cooling 
hole  and  tlie  angle  after  tlie  film  cooling  hole  for  2.5 
diameters  is  illustrated  in  Figure  6  for  all  blowing 
ratios  and  turbulence  levels  investigated.  A  least 
squares  fit  has  been  plotted  for  both  angles  in  Figure 
6.  In  Figure  7  we  havu  digitized  the  thickness  of  the 
shear  layer  as  a  function  of  turbulence  and  blowing 
ratio.  Figure  7  shows  a  regular  growth  in  shear  layer 
thickness  with  turbulence  intensity  and  blowing  ratio 
until  we  reach  a  blowing  ratio  of  1.5.  At  1.5  the  jet 
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momentum  dominates  the  tuibulence  and  the  two 
curves  remain  coincident  for  1.5  diameters.  Although 
we  have  attempted  to  choose  representative 
realizations,  these  are  individual  realizations  of  the 
flow.  In  reality  there  should  be  an  envelope  around 
each  of  these  sets  of  data.  The  film  injection  angle  is 
35°  as  previously  indicated.  The  initial  blowing  angle 
is  less  than  the  injection  angle  for  blowing  ratios  less 
than  1,  and  approximately  equal  to  the  injection  angle 
at  a  blowing  ratio  of  1.0  and  1%  turbulence  intensity. 
Both  angles  are  observed  to  decrease  with  turbulence 
intensity  for  the  1.5  blowing  ratio  case.  Both  angles 
increase  up  to  a  blowing  ratio  of  1.0  with  increasing 
turbulence  intensity.  At  a  blowing  ratio  of  1.5  the  film 
momentum  dominates  tliat  of  the  free  stream  with 
both  angles  decreasing  with  increasing  turbulence. 
The  shear  layer  over  the  film  hole,  is  clearly  driven 
primarily  by  the  blowing  ratio  and  the  free  stream 
then  dominating  the  eddy  size  after  the  film  hole.  Tlte 
shedding  frequency  of  the  shear  layer  increases,  the 
scale  size  decreases,  over  tlie  film  hole  with  blowing 
ratio.  Tlie  roll  up  frequency  for  the  shear  layer  after 
the  film  hole  decreases,  the  scale  size  increases,  with 
both  blowing  ratio  and  turbulence  level. 

In  Figure  8  the  vorticity  distribution  has  been 
calculated  from  to  =  1/2  (^/  /  ^  —  ^  /  <3r)  and  the 
contours  plotted  for  the  blowing  ratio  of  1.0  case.  The 
vorticity  plots  for  all  cases  investigated  show  an 
increase  in  vorticity  activity  with  both  blowing  ratio 
and  turbulence  intensity.  The  peaks  in  vorticity  are 
well  correlated  with  the  shear  layer  velocities  as  is 
indicated  in  Figures  3,  5,  and  8.  These 

representations  need  to  have  the  seeding  optimized  by 
furtlier  reducing  the  amount  of  seed  introduced. 

Concluding  Remarks 

PIV  measurements  of  film  cooling  flows  have 
indicated  augmentation  of  jet  spread  for  increased 
turbulence  for  M^l.  A  systematic  increase  in  jet  and 
shear  layer  spread  with  turbulence  intensity  and 
blowing  ratio  lias  been  documented  near  tlie  film 
cooling  hole  for  a  Reynolds  number  of  20K.  The 
blowing  ratios  of  0.5,  0.7,  and  1.0  showed  a  doubling 
for  Uie  spread  angles  in  going  from  turbulence  levels 
of  1%  to  17%  with  nearly  a  linear  relationship  with 
blowing  ratio  and  turbulence  level,  while  the  1.5 
blowing  ratio  showed  a  decrease  in  spread  angles. 
Increased  jet  spread  implies  a  lower  effectiveness  and 
a  proportionately  higher  mixed  out  temperature  or 
lower  cooling  effectiveness. 
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Figure  L  Top  View  of  Facility  and  PIV  Installation  Schematic 


Figure  2.  Double  Pulsed  PIV  Images  (M  =  0.7,  Re  =  20K) 
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Figure  4.  Instantaneous  Velocity  Distributions  (M=0.7,  Re=20,000) 


Figuiv  5.  Instuntaneous  Velocity  Distributions  (M=l  .(),  Rc=20,000) 
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Figure  6.  Angles  of  the  Exiting  Film  Cooling  Flow  for  the  First  2.5  Diameters 
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Figure  7.  Growth  of  the  Shear  Layer  Thickness  Near  the  Film  Cooling  Jet  Exit 
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Figure  8.  Instantaneous  Vorticity  Distributions  (M=1.0,  Re=20,000) 
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Abstract 

A  unique  feature  of  turbine  rotor  blade  Him 
cooling  is  the  main  flow  unsteadiness  caused  by  the 
upstream  stator  vanes*  The  combined  effect  of  the 
vane  inviscid  flow  Geld  and  the  trailing  edge  wake 
results  in  a  rapidly  changing  external  pressure  at  the 
film  cooled  blade  surface.  Because  the  film  flow 
through  the  cooling  holes  is  usually  unchoked,  the 
varying  external  pressure  results  in  a  modulation  of 
the  mass  flow  through  the  holes.  This  study 
examined  the  effect  of  coolant  flow  modulation  on 
the  Glm  effectiveness  and  the  heat  transfer 
downstream  of  a  row  of  film  cooling  holes.  Coolant 
oscillation  frequencies  and  amplitudes  were  selected 
to  match  typical  modem  gas  turbine  engine  conditions 
when  represented  in  the  appropriate  non-dimensional 
forms.  Time  average  blowing  rate  (the  ratio  of 
coolant  mass  flux  to  free  stream  mass  flux)  was  varied 
from  0.6  to  1.5.  Measurements  were  made  of  the  flow 
velocity  and  temperature  fields,  the  adiabatic  film 
effectiveness,  and  the  film  cooling  heat  transfer  using 
a  constant  flux  heat  transfer  surface.  Both  the  axial 
(streamwise)  and  lateral  (cross  stream)  distributions 
of  these  quantities  were  measured  from  a  single  row 
of  five  circular  holes  angled  at  60  degrees  with  respect 
to  the  surface  normal.  Frequency  spectra  taken  from 
measurements  of  the  fluctuating  velocity  were  used  to 
find  the  extent  of  the  influence  of  the  driving 
frequency  downstream.  The  observed  effect  of  the 
coolant  flow  oscillation  was  to  decrease  effectiveness 


in  the  streamwise  direction,  while  having  little  or  no 
influence  on  effectiveness  in  the  cross  stream 
direction.  The  rate  of  decrease  of  streamwise 
effectiveness  is,  however,  a  strong  function  of  blowing 
rate,  frequency,  and  amplitude  of  the  fluctuations. 

Nomenclature 

d  Glm  cooling  hole  diameter  (1.905  cm) 
f  frequency  (Hz) 

h  convective  beat  transfer  coefficient  (W/m^K) 

H  shape  factor  (6*/0) 

Lgx  X  turbulence  length  scale  (cm) 

M  coolant  blowing  (mass  flux)  ratio:  (peUc/pfeU^ 
Re  Reynolds  Number  based  on  Glm  cooling  hole 
diameter 

T  static  temperature  (K) 

Tu  X  turbulence  intensity  (u*AJ) 

U  time  mean  local  streamwise  velocity  (m/s) 
u'  fluctuating  streamwise  velocity  component  (m/s) 
x  streamwise  distance  measured  from  the 
downstream  lip  of  the  injection  hole  (m) 
y  vertical  distance  from  the  injection  surface  (m) 
z  spanwise  distance  measured  from  the  center  of 
the  injection  hole  (m) 

8*  displacement  thickness  (cm) 

0  Boundary  layer  momentum  thickness  (cm) 

Q  reduced  frequency  (freestream  velocity  /  coolant 
hole  diameicr/oscillation  frequency) 

Ti  Glm  cooling  effectiveness:  (T^  -  T3^)/(Tc-Ta^) 
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Subscripts 

aw  adiabatic  wail 

c  coolant  fluid 

w  at  the  wail 

nofc  no  film  cooling 

fc  film  cooling 

fs  free  stream 

wfc  wall  with  film  cooling 


Introduction 


The  character  of  the  flow  into  the  axial  turbine 
rotor  blade  row  of  a  gas  turbine  engine  is  largely 
determined  by  the  upstream  nozzle  guide  vanes.  The 
close  spacing  of  vanes  and  blades  subject  the  blades 
to  a  periodic  potential  flow  field  as  well  as  a 
significant  wake  velocity  defect  from  the  often  blunt 
vane  trailing  edges.  Therefore,  as  the  rotor  blades 
pass  behind  successive  vanes,  an  oscillatory  surface 
pressure  field  is  produced.  In  addition,  if  the  turbine 
is  transonic,  shock  waves  from  the  vane  row  will 
cause  added  pressure  fluctuations  at  the  blade  surface 

Many  modem  turbine  stages  employ  film  cooling 
to  pennit  near  stoichiometric  combustor  operating 
temperatures.  Film  cooling  air  is  injected  through 
rows  of  small  (0  JCmm  diameter  typical)  boles  in  the 
blade  surface.  The  coolant  air  is  supplied  from  the 
conq>ressor  exit  flow  and  is  maintained  at  essentially 
constant  pressure.  As  such,  when  the  pressure  on  the 
"wetted"  side  of  the  blade  oscillates  (and  if  the  flow 
in  the  film  cooling  hole  is  not  choked)  the  coolant 
exit  velocity  fluctuates  as  well.  These  fluctuations  are 
of  significant  magnitude  and  have  been  measured  by 
Abhari  (1991)  in  a  blowdown  turbine  facility  and  by 
Rigby  et  al.  (1990)  in  a  turbine  cascade  with 
simulated  guide  vane  wakes. 

The  objective  of  the  present  study  is  to  provide  a 
more  detailed  characterization  of  the  unsteady 
coolant  injection  phenomenon.  A  film  cooling 
research  facility  was  modified  to  pennit  oscillation  of 
the  injected  film  cooling  over  a  constant  heat  flux  flat 
plate.  The  Reynolds  number  based  on  the  coolant 
hole  diameter  of  1.9  cm  is  approximately  20,000, 
typical  for  a  turbine.  The  facility  has  the  added 
feature  that  it  can  be  supplied  with  freestream 
turbulence  levels  ranging  from  less  than  1%  to  over 
17%.  Freestream  turbulence  is  another  important 
feature  of  gas  turbines  which  must  be  present  to 
properly  simulate  the  turbine  aerodynamics  and  heat 
transfer.  The  film  cooling  jet  is  modulated  with  a 
speaker  located  in  the  side  wall  of  the  coolant  supply 
plenum.  The  experimental  facility  has  an  oscillating 


film  cooling  inlet  pressure  rather  than  the  oscillating 
fieestream  pressure  found  in  the  actual  turbine,  but 
the  result  is  identical.  The  velocity  ratio  (coolant 
velocity  /  freestream  velocity)  varies  sinusoidal  at  a 
constant  frequency  and  amplitude.  To  properly 
model  the  engine  environment,  the  jet  was  modulated 
at  reduced  frequencies  (Q=  freestream  velocity 
/coolant  hole  diameter  /  modulation  frequency  and 
amplitudes  typical  of  modem  turbine  rotors.  Typical 
reduced  frequencies  which  arc  of  interest  are  in  the 
range  of  20  to  200.  This  translates  to  5  to  50  Hertz 
for  this  large  scale  experiment  Results  for  5,  10  and 
20  hertz  will  be  reported. 

The  combined  effect  of  these  flow  disturbances 
on  the  film  cooling  of  the  rotor  blades  is  to  force  the 
mass  flow  rate  through  the  blade  surface  cooling  holes 
to  be  modulated  at  the  vane  passing  frequency. 
Because  the  effectiveness  of  film  cooling  is  governed 
by  the  rate  at  which  the  coolant  jets  mix  with  the 
hotter  surrounding  flow,  the  modulation  of  the  jet  exit 
flow  is  expected  to  influence  the  rate  of  mixing  and 
therefore  the  performance  of  any  specific  film  cooling 
design. 


Experimental  Facility 

The  measurements  of  this  study  were  made  in  an 
open  loop  film  cooling  wind  turmel  described  in  detail 
by  Boris,  et  al.  1994,  Figure  1  shows  an  overall  view 
of  the  facility  and  a  top  view  of  the  cooling  hole 
arrangement  and  the  heat  transfer  surface.  The 
tunnel  is  supplied  with  a  nominal  1.5  kg/s  air  flow 
from  a  blower  located  exterior  to  the  laboratory.  This 
air  supply  includes  provisions  for  both  heating  and 
cooling  the  flow  between  288  and  325  K,  depending 
on  the  required  experimental  set  points  and  local 
atmospheric  temperature.  The  film  cooling  flow  can 
also  be  heated  10-20  above  the  free  stream.  The 
main  flow  passes  through  a  conditioning  plenum 
containing  perforated  plates,  honeycomb,  screens,  and 
a  circuiar-to-rcctangular  transition  nozzle. 
Downstream  of  the  transition  nozzle,  at  the  film 
cooling  station  location,  free  stream  turbulence  levels 
of  0.7  %  (+/-  0.05)  can  be  achieved  with  velocity  and 
temperature  profiles  uniform  to  within  1%  at  the  film 
cooling  station.  Table  1  lists  the  characteristics  of  the 
flow  at  the  film  cooling  station. 

Unsteady  film  cooling  flow  was  provided  by 
sinusoidal  pulsing  of  the  injected  coolant.  The  driver 
for  the  coolant  pulsation  was  a  25.4  cm  diameter  150 
W  audio  sp>eaker  contained  in  the  wall  of  the  coolant 
supply  plenum.  A  Hewlett  Packard  3312A  Function 
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Generator  produces  the  sinusoidal  wave  and  is  then 
ampiiGed  using  an  MP  Electronics  Model  2250MB 
Power  AmpliGer.  A  schematic  cross  section  of  the 
plenum  illustrating  the  speaker  orientation  is  shown 
in  the  insert  in  Figure  1. 

Table  1.  Flow  Characteristics  at  x/d=0.  z/d=1  S 


No  Turbulence 

Jet  Generated 

Data  at  v/d  = 

Generation 

Turbulence 

(Velocity 

23 

Ratio  s  14) 

Tu(%) 

0.7  to  0.96 

173 

Lgx  (cm) 

7.73 

Data  at  V  =  6 

U(n]/s) 

16.03 

1632 

Red 

19085 

20026 

u’(m/i) 

039 

3.16 

Tu(%) 

3.68 

18.79 

Lgx  (cm) 

8.05 

Lgx/d 

4.23 

5  (cm) 

1.22 

1.26 

6*  (cm) 

0.123 

0.123 

6  (cm) 

0.0927 

0.0965 

H 

133 

137 

e/d 

0.0487 

0.051 

Ree 

929 

1015 

Instrumentation  and  Data  Reduction 


The  data  presented  in  this  report  were  taken  using 
a  single  4pm  diameter  tungsten  hot  wire  and  an  array 
of  thermocouples.  The  hot  wire  and  a  flow 
temperature  thermocouple  (033  mm  bead  diameter) 
located  03  cm  downstream  (and  at  the  same  y  and  z) 
Gom  the  hot  wire  probe  are  both  mounted  on  a 
vertical  traverse.  A  magnetically  encoded  linear 
position  indicator  (Sony  model  #SR50-030A)  affixed 
to  the  traverse  was  used  to  determine  the  probe 
position  to  within  23pm.  National  Instruments  data 
acquisition  and  Labview  software  were  used  to 
acquire  and  process  the  hot  wire  and  thermocouple 
voltages. 

Hot  wire  volUges  were  obtoined  using  a  TSI 
Model  #IFA-100  anemometer  and  a  National 
Instruments  NB-MIO-16XL-18  A-to-D  board.  Each 
mean  velocity  measurement  is  obtained  from  the 
average  of  1000  points  taken  at  200  samples  per 
second,  from  which  the  fluctuating  component  of 
velocity,  u',  was  also  calculated.  The  velodty 


computation  algorithm  corrects  for  local  variations  in 
pressure,  temperature,  and  humidity. 

Length  scales  were  calculated  by  integrating  to 
the  fiist  zero  crossing  of  the  autocorrclition 
coefficient  function  for  the  velocity  obtained  from  the 
hot  wire  signal.  Each  length  scale  represents  the 
average  of  20  autocorrelations  (each  with  2048 
velocity  dau  points  uken  at  2000  samples  per 
second). 


The  temperature  measurements  were  made  using 
a  KAYE  ice  point  reference  junction  which  was 
multiplexed  using  an  Hewlett  Packard  3852  and 
measured  with  a  Hewlett  Packard  44701A  integrating 
voltmeter  with  an  integration  period  of  0.017  seconds 
for  each  sample.  The  referenced  signal  from  the 
thermocouple  used  for  flow  tertqreratnre 
measurements  was  read  using  the  NB-MIO-16XL-18 
A-to-D  board. 


Film  Cooling  Effectiveness  and  Rr^duction  in  h 
Measurement 

The  heat  transfer  measurements  are  run  in 
reverse  from  typical  engine  conditions  with  the  wall 
heated.  The  wall  is  operated  as  a  constant  heat  flux 
surface  for  heat  transfer  measurements  and  as  an 
adiabatic  wall  for  film  cooling  effectiveness 
measurements.  The  wall  is  the  highest  temperature  in 
the  system.  The  film  cooling  temperature  is  the  next 
highest  temperature  and  the  free  stream  the  lowest 
temperature.  Nominally  greater  than  a  10*C 
differential  is  established  between  each  of  these 
temperatures. 

To  calculate  the  film  effectiveness,  the  facility 
was  run  without  film  cooling  to  determine  the 
adiabatic  wall  temperature,  Tgw,  for  each  setting  of 
freestream  turbulence.  These  results  were  repotted  by 
Bons  et  al.,  1994  for  turbulence  levels  of  0.9,  5,  12 
and  17%.  The  film  cooling  fluid  temperature  is 
determined  by  a  thermocouple  centered  in  the  middle 
(z=0)  film  cooling  hole.  A  137  cm  diameter  ASME 
orifice  is  used  to  determine  the  mean  velocity  of  the 
film  cooling  flow,  Ufc.  This  average  velocity,  Ufc, 
and  the  local  freestream  velocity,  Ufe,  were  used  in  to 
determine  the  film  cooling  blowing  ratio  M  as: 

M  =  (PcUc/pfeUjij)  (1) 

When  measurements  of  heat  transfer  are  made  the 
thin  stainless  foil  surface  is  resistiveiy  heated  by 
passing  a  current  through  it.  The  power  dissipated 
per  unit  area,  the  temperature  distribution  on  the 
heated  plate,  and  the  free  stream  temperature  are 
measured  to  allow  calculation  of  the  heat  transfer 
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coeCBdeat  When  film  cooling  is  added,  this  also 
adds  a  third  tempeiatuie  to  the  problem  which  must 
be  accounted  for.  The  percent  reduction  of  the  heat 
transfer  coefficient  with  film  cooling  is  calculated  as: 

%  Ah  =  (h«,e-hfe)*100/(lWe*(Tfc-T6))  (2) 

Measurement  of  the  Forcing  Amplitude  for  the  Film 
Cooling  Flow 

To  measure  the  power  of  the  pulsed  signal 
introduced  to  the  film  cooling  flow  a  Bruel  &  Kjsr 
microphone  was  inserted  into  the  side  of  the  film 
cooling  plenum  perpendicular  to  the  axis  of  the 
speaker.  The  output  from  the  microphone's  power 
supply  is  measured  using  the  NB-MIO-16XL-18 
board.  The  three  signals  connected  to  the  A-to>D 
board  are  read  sequentially  (velocity,  microphone,  and 
the  Qow  thermocouple).  The  signal  from  the 
microphone  was  monitored  and  maintained  at  2  VAC 
throughout  all  tests  involving  pulsed  film  cooling. 
Using  the  microphone  to  measure  the  power  of  the 
modulated  signal  eliminates  inconsistencies  caused  by 
inefficiencies  of  the  speaker  at  different  frequencies. 
The  power  spectrum  results  in  this  paper  are  the 
result  fiom  averaging  50  power  spectra  of  4096 
sarrq>les  evenly  increrrrented  over  the  4760  data  points 
taken  at  each  measurement  point. 

Uncertainty  Analysis 

The  experimental  uncertainties  are  calculated 
based  on  knowledge  of  the  instrumentation  used  and  a 
simple  root>mean>squared  error  analysis  (Kline  and 
McClintock,  1953),  This  irrethod  assumes 
contributions  to  uncertainties  arise  mainly  from 
unbiased  and  random  sources.  For  the  film 
effectiveness  calculation,  the  uncertainties  in 
thermocouple  measurements  come  from  two  sources: 
the  error  of  the  thermocouple  device  and  random 
fluctuations  in  the  actual  local  temperature  being 
sensed  while  at  a  constant  operating  point.  The  latter 
of  these  two  is  greater  (±  0.11  *0)  and  yields  an 
uncertainty  in  h  of  ±  0.008  at  M=l,  and  ±  0.016  at 
M=0.5,  (using  a  histogram  of  experimental  results). 
The  insulated  test  surface  downstream  of  the  film 
cooling  injection  point  is  considered  to  be  essentially 
adiabatic.  The  ratio  of  the  connective  heat  flux  at  the 
test  surface  to  conduction  along  any  path  below  the 
surface  for  typical  flow  conditions  is  of  order  100. 
This  indicates  that  the  local  temperature  on  the 
surface  is  dominated  by  the  convection  process  and  is 
an  accurate  indicator  of  film  effectiveness  and  the 
heat  transfer  coefficient  for  the  surface.  Uncertainty 
in  the  velocity  measurement  stems  primarily  from  the 


calibration  fit  acoiracy.  The  error  is  within  ±  1.0%  at 
flw  rates  of  interest  when  conqiared  to  a  co-located 
K«1  probe  velocity  measurement  Due  to  the  03  cm 
streamwise  displacement  of  the  hot  wire  and  the  flow 
thermocouple,  in  regions  of  steep  temperature 
gradients  (near  x/d=0),  the  temperature  from  the 
thermocouple  which  is  used  in  the  velocity 
computation  algorithm  is  as  much  as  1.2  ®C  lower 
than  the  actual  temperature  at  the  hot  wire  probe. 
This  results  in  a  maximum  additional  error  in  U  of 
2%  very  near  the  injection  hole  (decreasing  rapidly 
with  x/d),  and  was  not  corrected  for. 


Results  and  Discussion 

Heat  Transfer  Characteristics  for  Low  anrf 

High  Turbulence  fl7%'>.  No  Film  Cnr>ltnp 

The  Stanton  number  shows  a  20  %  increase  in  the 
heat  transfer  due  to  the  increase  to  17  %  in  turbulence 
intensity  in  Figure  2  This  amplitude  is  representative 
of  the  level  encountered  due  to  the  wake  crossing  by 
the  rotor.  The  low  turbulence,  0.7%  case  shows 
agreement  with  the  widely  accepted  correlation  of 
Kays  and  Crawford  (1980)  for  zero  pressure  gradient, 
turbulent  fiat  plate  boundary  layers  to  within  5%  after 
a  short  starting  length  effect.  This  represents  the 
baseline  case  to  which  the  film  cooling  and  forced 
film  cooling  measurements  will  be  conqnred. 

Centerline  Adiabatic  Film  Cooling 
Low  Turbulence 

At  low  turbulence  conditions  (Tu=0.7%)  when 
the  film  flow  is  forced  there  is  an  orderly  attenuation 
of  the  film  cooling  effectiveness  as  the  fiequency  is 
increased  from  5  to  20  Hertz  as  is  shown  in  Figure  3a. 
The  decrease  represents  a  reduction  of  effectiveness  of 
nominally  30%  over  the  zero  forcing  case  at  a 
blowing  ratio  of  1.0.  The  centeriine  film  cooling 
reduction  in  the  cases  for  a  blowing  ratio  less  than  1.0 
show  a  particularly  large  (4:1)  reduction  in  the 
centerline  effectiveness  between  the  unforced  and 
forced  cases.  Figure  3b.  The  blowing  ratio  of  1.0 
showed  a  higher  maximum  (Figure  3c)  and  also  a 
higher  effectiveness  far  down  stream  than  the  forced 
cases  for  the  blowing  ratios  less  than  1.0  and  13. 
Although  the  M=1.5  case  is  not  shown,  both  velocity 
and  temperature  profiles  indicate  that  there  should  not 
be  much  difference  between  the  forced  and  unforced 
effectiveness  curves  for  the  13  case  as  the  forcing 
drops  to  about  a  5%  amplitude  perturbation. 

Velocity  and  Temperature  Profiles  for  the  Tnw 
Turbulence  Cases 
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The  axial  velocity  and  the  mis  tuibulence  profiles 
are  shown  in  Figure  4  at  an  x/d  of  0.  The  forcing 
increases  the  velocity  and  the  velocity  gradient  near 
the  wall  significantly  for  the  blowing  ratio  of  0.6. 
The  Msl.O  case  shows  an  increase  in  the  apparently 
separated  film  jet  away  from  the  wall.  The  M=1.5 
case  shows  very  little  effect  on  the  mean  velocity 
proOle  with  a  very  small  attenuation  near  the 
maximum  with  forcing.  The  rms  profiles  ail  show  an 
increase  with  an  increase  in  frequency.  The  near  wall 
rms  velocity  fluctuation  for  the  0.6  and  1.0  cases 
nearly  doubles. 

The  temperature  ratio  profiles  are  shown  in 
Figure  5.  The  M=0.6  temperature  profiles  show  a 
spread  and  a  significant  attenuation  of  70%  with 
forcing.  As  the  blowing  ratio  is  increased  to  0.7  the 
attenuation  is  reduced  to  65%  (Figure  5a).  At  M=0.8 
the  attenuation  is  further  reduced  to  60%  (Figure  5b). 
All  the  resulting  curves  for  the  different  forcing 
frequencies  then  collapse  to  a  single  profile  as  the 
blowing  ratio  is  further  increased.  The  M=1.0 
temperature  ratio  profiles  (Figure  5c)  maximum  and 
their  gradients  at  the  wail  show  ordered  decreases  as 
the  driving  frequency  changes  from  0  to  20  to  10 
Hertz.  The  M=1.0  effectiveness  profiles  are  ordered 
with  the  temperature  and  velocity  gradients  at  the 
wall.  Although  not  shown  here,  the  Ms  1.5 
temperature  profiles  all  collapsed  to  a  single  profile 
with  and  without  forcing,  within  the  accuracy  of  our 
measurements.  No  significant  impact  on  the  cooling 
effectiveness  for  the  M=1.5  is  expected  since  the 
modulation  of  the  film  flow  is  reduced  to  5%.. 

As  seen  fromlTgures  5,  the  modulation  results  in 
enhanced  mixing  with  the  freestream  thus  reducing 
the  maximum  coolant  temperature  even  at  the  first 
measurement  sudon  (x/d  =  0).  At  the  same  time,  the 
time  averaged  penetration  of  the  coolant  fluid  into  the 
freestream.  Figure  4,  increases  with  modulation.  This 
effect  has  also  been  reported  by  Vermeulen  et  al. 
(1990)  for  a  normal  jet  in  cross  flow.  The  magnitude 
of  these  two  effects  varies  with  blowing  ratio  and  jet 
modulation  frequency  and  amplitude.  The  net  result 
is  a  lower  film  effectiveness,  as  determined  from  the 
array  of  wall  thermocouples  downstream  of  the 
coolant  hole.  Wall  thermocouples  located  laterally 
across  the  coolant  path  show  no  increase  in  spanwise 
diffusion  attributed  to  the  jet  modulation. 

Heat  Transfer  Reduction  with  Film  Cooling  and 
Forcing.  Low  Turbulence  n’usO.7%^ 

The  percent  reduction  in  the  heat  transfer 
(Equation  2,  %A  h)  normalized  by  (Tfe-T^)  is  shown 
in  Figure  6  for  three  blowing  ratios,  M=0.7,  1.0,  and 


1.5.  The  M=0.7  case  shows  a  large  reduction  in  heat 
transfer  on  the  centeriine  of  the  Glm  cooUng  hole  and 
is  the  only  case  that  also  shows  a  reduction  in  %A  h 
on  the  midime  between  the  Glm  cooling  holes.  As  the 
blowing  ratio  is  increased  the  reduction  of  the  %A  h 
on  the  centerline  is  likewise  reduced  for  increased 
blowing  ratios.  Lift  off  of  the  coolant  flow  is 
indicated  in  the  M=1.5  curve  by  the  initial  negative 
values  for  the  %A  h.  The  mid  line  shows  an 
augmenution  of  the  heat  transfer  (-  reduction  of  %A 
h)  for  the  M=1.0  and  1.5  cases  as  the  free  stream  is 
pumped  down  to  the  plate  surface  by  the  pair  of 
counter  routing  vortices  of  the  film. 

Rgure  7  shows  forcing  for  the  blowing  ratio  of 
0.7  and  low  turbulence.  The  reduction  with  forcing  is 
quite  large  with  over  a  5:1  reduction  for  all  blowing 
latiw.  Just  as  with  no  forcing  all  midime  %Ah's  are 
positive  with  forcing.  Figure  8  shows  the  reduction  in 
%A  h  for  forced  flows  with  low  turbulence  at  a 
blowing  ratio  of  1.0.  There  is  little  difference 
between  forced  and  unforced  flows  for  M=1.0  or 
greater.  The  reduction  in  %A  h  effectively  collaises 
to  a  single  curve  on  the  centerline  with  slightly  less 
beating  or  augmenution  after  an  x/d  of  15. 

Heat  Transfer  Reduction  with  Film  Cooling.  Htoh 
Turbulence  (TuslT^  ^  “ 

Figure  9  shows  the  heat  transfer  reduction  with 
M=0.7, 1.0,  and  13  fora  free  stream  turbulence  level 
of  17%.  The  M=0.7  centerline  shows  a  >50% 
reduction  at  an  x/d  of  10  and  a  augmenution  (-%Ah) 
of  100%  of  the  unforced  flow  between  the  Glm 
cooling  holes.  The  augmenution  with  the  high 
turbulence  level  between  the  film  holes,  the  midline, 
is  reduced  and  lost  at  an  increasing  rate  with  x/d  as 
the  blowing  ratio  is  increased  above  1.0  when 
compared  against  the  forced  low  turbulence  case. 

Temperature  and  velocity  profiles  are  virtually 
unchanged  with  the  exception  of  the  rms  profile 
which  is  displaced  by  the  change  in  free  stream 
turbulence  and  the  increased  scale  of  turbulence 
which  is  as  indicated  in  Table  1  4.23 ’d. 

Power  Spectra  of  Velocity  Fluctuatinn<; 

Profiles  of  the  forced  flow  were  uken  on  the 
centerline  of  the  center  film  cooling  hole  at  x/d  =  1,  9, 
and  18  for  forcing  frequencies  of  5,  10  and  20  Hertz! 
Figure  10  shows  the  resulu  of  profiles  of  the 
measured  power  at  the  driving  frequency  for  a 
blowing  ratio  of  M=0.75.  At  x/d  =  1.  there  are  two 
power  peaks  which  appear  to  represent  the  shear 
layers  or  edges  of  the  film  cooling  jcL  The  amplitude 
ordering  of  the  5  Hertz  driver  is  reversed  in  these  two 
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peaks,  with  the  5  Heitz  signal  the  laigest  at  the 
second  peak.  At  an  x/d  =9  and  18  there  are  single 
peaks  ordered  in  increasing  amplitudes  of  5,  20  and 
10  Hertz.  There  appeals  to  be  a  possible  phase  shift 
at  x/d=9  with  the  maximum  of  the  5  Hertz  driver 
leading  the  10  and  20  Hertz  drivers,  (occurring  closer 
to  the  wall).  The  maximum  of  the  5  Hertz  driver  at 
the  x/dsl8  location  clearly  lags  the  maximum  of  the 
10  and  20  Hertz  drivers,  occurring  at  nearly  twice  the 
y  location  of  the  10  and  20  Hertz  drivers. 

Concluding  Remarks 

The  forcing  of  the  film  cooling  flow  by  a  periodic 
driver  resulted  in  reductions  in  the  film  cooling 
effectiveness  (70%  at  MsO.6)  which  were  observed  to 
be  nearly  equilivant  to  those  observed  with  continuous 
random  free  stream  fluctuations  of  similar  amplitude. 
These  reductions  in  film  effectiveness  became 
progressively  smaller  as  the  blowing  ratio  increased, 
65%  at  MsO.7,  60%  at  MsO.8.  Since  the  drivers  for 
the  forcing  Glm  flows  were  maintained  at  a  constant 
amplitude,  the  relative  amplitude  of  the  forcing  flow 
decreased  proportionately  as  the  blowing  ratio 
increased  until  at  M=1.5  the  forcing  amplitude  was 
nominally  down  to  S%  of  the  fllm  flow  velocity. 

.  The  temperature  profiles  for  forced  film  cooling 
flows  and  their  near  wall  gradients  mimic  the 
reduction  in  film  cooling  effectiveness  for  blowing 
ratios  less  than  1.0.  At  M=:1.5  the  nondimensional 
temperature  profiles  have  collapsed  to  a  single  profile 
with  and  without  forcing. 

The  %A  h  heat  transfer  reduction  with  film 
cooling  and  forcing  for  low  turbulence  was  observed 
to  be  similar  to  the  film  cooling  effectiveness  results. 
Only  the  blowing  ratio  of  0.7  showed  a  reduction  both 
on  the  centerline  as  well  as  between  the  film  cooling 
holes. 

The  forcing  power  profiles  through  the  boundary 
and  film  cooling  layers  indicated  a  pair  of  strong 
peaks  near  the  Glm  hole.  The  5  Hertz  drivers 
amplitude  relative  to  the  amplitude  of  the  10  and  20 
Hertz  drivers  was  reversed  for  the  twin  peaks.  The  5 
Hertz  driver  also  showed  a  greater  attenuation  with 
downstream  distance  from  the  fllm  hole  and  an  earlier 
maximum  closer  to  the  film  hole  than  did  the  10  and 
20  Hertz  forcing  flows. 

The  forced  flows  show  a  detrimental  effect  on 
film  cooling  flows  comparable  to  that  observed  in  non 
periodic  high  turbulence  experiments  at  comparable 
amplitudes.  Though  the  unsteadiness  has  an 
undesirable  effect  on  film  cooling,  the  results  of 


increased  mixing  and  penetration  could  make 
modulation  a  benefleiai  technology  for  dilution  jets  in 
combustors  and  combustor  liners. 
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Figure  3a.  Centerline  Effectiveness  at  M  =  0.6 
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Figure  3c.  Centerline  Effectiveness  at  M  =  1.0 
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Figure  4a.  Mean  and  Fluctuating  Velocity  Profiles  at  x/d  =  0,  Tu  =  0.7%,  and  M  =  0.7 
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Figure  4b.  Mean  and  Fluctuating  Velocity  Profiles  at  x/d  =  0,  Tu  =  0.7%,  and  M  =  0.8 


T«Bp*r«tart  R»tU  •  (T.Tft)/(Tfc-Tfs> 


Figure  5a.  Temperature  Ratio  Profiles  at  x/d  =  0.  Tu  =  0.7%,  and  M  =  0.7 


•  •  t  1  •  <  «  T 

T  tm  f  vrsisrc  Rail*  -  (T-Tf»)/(T  fe-T  ft) 


Figure  5c.  Temperature  Ratio  Profiles  at  x/d  =  0,  Tu  =  0.7%,  and  M  =  1 .0 
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Figure  6.  Pereent  Heat  Transfer  Reduction  with  FST  =  0.7%,  Q  =  2250  Watts  and  3  Cooling  Holes 


Figure  8.  Percent  Heat  Transfer  Reduction  with  M  =  1 .0.  FST  =  0.7%.  Q  =  2330  Watts  and  3  Cooling  Holes 
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Figure  10.  Microphone  Power  at  Driving  Frequency  and  Velocity  vs.  Y  Location.  M  =  0.8 
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